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\  ABSTRACT 

V  ^ 

Very  low  frequency  (VLF)  data  collected  concurrently  by  three  sets  of  instruments,  ^ . 
the  Marine  Physical  Laboratory’s'lti^lirilltlng  Swallow  floats,  an  array  of  swaan  bottom  -d. 
'ieismometers  <bBSsy^eployed  byPiof.  Dormao'-s  group -at  ■Seripps  Institution  of' 

,,  Oceanography, *and  sonobuoys  from  the  faval  -Air-Development  Center/^are  compared. 

The  data  were  collected  in  April  and  May,  1987,  near  the  site  ofDeep-Sea'DrtlHngPro-c. 

7-  jeet  hole  469,  32.5^^,  T20.5\W.  K ^t/ . , 

^  ord9^  make  the  data  comparisons  quantitative,  the  OBS  and  stmobuoy  data 
were  resamplea  to  a  sampling  frequency  of  SO  Hz  and  the  time  bases  for  therthm^ts  of 
instruments  were  aligned  using  coherent  arrivals.  Spectra,  spectral  differences,  and 
coherence  squared  estimates  were  calculated  and  plotted.  *1^^sults  indicate  that  the 
Swallow  float  geophone  data  are  consistent  (that4st|die  specua  from  different  instruments 
of  the  same  type  do  not  differ  within  the  confidence  limits  of  the  spectral  estimates)  as 
are  most  of  the  OBS  vcrdcal-oxis  geophone  data.  The  inter-Swallow>float  coherences 
are  significantly  different  from  zero  r*  frequencies  thought  to  be  broadcast  by  the 
research  vessels  in  the  experiment.  The  inter-vertical-axis-OBS  coherences  are  also 
significaritly  different  from  zero  at  frequencies  below  6  Hz  as  well  as  at  the  ship  frequen¬ 
cies.  The  high  coherences  below  6  Hz  is  probably  due  to  the  close  spacing  of  the  OBSs  in 
the  experiment. 

On  the  other  hand,  the  OBS  horizontal-axis  geophone  data  from  different  instru¬ 
ments  can  vary  over  several  tens  of  decibels  in  spectral  level,  the  OBS  hydrophone  time 
series  contain  0.5-second  spikes  of  various  amplitudes,  and  the  sonobuoy  data  appear  to 
suffer  from  some  type  ofleontamination  below  10  Hz.  The  sonobuoy  contamination  has 
the  same  appearance  a.<!  that  due  to  How  noise. 
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Introduction 


This  progress  report  presents  results  from  the  initial  attempts  to  inter-compare  Swallow  float  geo¬ 
phone  data,  Naval  Air  Development  Center  (NADC)  sonobuoy  data,  and  ocean  bottom  seismometer  (OBS) 
gcophone  and  hydrophone  data.  These  data  were  collected  during  the  April  and  May,  1987  deployments  of 
the  Swallow  floats.  Important  details  on  the  two  sea  trips,  as  well  as  on  the  three  sets  of  instruments,  are 
contained  in  "Freely  drifting  Swallow  float  array;  April,  1987  Trip  report"  [1]  and  "Freely  drifting  Swallow 
float  array:  May,  1987  Trip  report"  [2]. 

The  three  sets  of  instruments  measure  different  quantities  and  attempts  to  inter-compare  the  sensor 
systems'  data  must  take  this  into  account.  The  Swallow  float  geophones  are  water-particle-velocity  sensors, 
i.e.  they  measure  the  three  components  of  velocity,  vjl',  v^,  and  v,**,  where  the  superscript  indicates  that  the 
measurements  are  made  in  the  water-column.  From  the  power  spectra  of  the  three  components  of  particle 
velocity,  the  equivalent  plane  wave  pressure  power  spectrum  can  be  derived  [3].  The  sonobuoys  measure 
water-column  pressure,  p ,  as  do  the  two  types  of  hydrophones  attached  to  the  ocean  bottom  seismometers. 
The  OBS  geophones  measure  the  three  components  of  sediment  velocity,  vi,  v},  and  v/. 

The  Swallow  float  data  were  recorded  during  two  24-hour  periods  in  1987,  starting  at  07:54,  22 
April,  and  at  09:56, 5  May.  In  April,  the  midwater  floats  were  neutr^y  buoyant  at  about  400  meters  depth; 
in  May,  the  floats  were  ballasted  for  about  a  1800-meter  depth.  Useable  data  were  obtained  from  five  mid¬ 
water  column  Swallow  floats  and  two  bottom  Swallow  floats  during  the  April  deployment  and  from  six 
midwater  floats  and  three  bouom  floats  during  the  May  trip. 

Most  of  the  OBS  events  which  were  recorded  during  these  two  periods  of  time  are  listed  in  Table  1. 
These  instruments  rested  on  the  sediment-covered  bottom,  at  about  3800  meters  depth.  Data  were  col¬ 
lected  from  nine  properly  functioning  instruments  and  have  been  provided  to  us  by  Dr.  L.  Dorman  and  his 
research  team. 

The  NADC  sonobuoys  were  only  deployed  during  the  April  trip.  They  were  tethered  to  a  surface- 
drifting  float  by  a  140-meter  cable.  Seven  of  the  eight  ship-launched  sonobuoys  operated  successfully  dur¬ 
ing  an  cight-and-a-half-hour  period,  starting  at  17:03,  22  April.  Some  of  the  sonobuoy  data,  recorded  in 
analog  form,  were  subsequently  digitized  at  20  kHz.  Data  recorded  during  an  18-minute  period,  from 
19:26  to  19:44,  22  April,  by  two  sonobuoys  have  been  given  to  us  by  NADC.  We  have  requested  addi¬ 
tional  digitized  data,  including  data  from  the  twelve,  concurrently  deployed,  air-launched  sonobuoys. 

In  this  report,  the  conversion  between  time  and  Swallow  float  record  number  was  made  assuming 
that  the  first  record  written  was  record  number  1.  However,  the  first  record  written  to  tape  was  actually 
record  0.  In  addition,  when  the  floats  were  synchronized,  their  microprocessor  program  spent  a  half- 
second  in  initialization,  proceeded  by  a  120  msec  delay.  Therefore,  a  45.62-second  offset  must  be  made  to 
the  Swallow  time  base  assumed  in  this  report  in  order  to  obtain  the  true  float  time  base.  However,  this 
offset  does  not  affect  any  of  the  results  presented  herein  since  the  time  base  alignment  in  Section  III  impli¬ 
citly  takes  it  into  account. 

Note  that  all  times  given  above  and  in  the  following  sections  are  in  local  Pacific  Daylight  Time.  To 
get  Greenwich  Mean  Time,  add  seven  hours. 
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I.  Data  Resampling 

In  order  to  make  quantitative  comparisons  between  the  various  sets  of  data,  the  OBS  time  series, 
sampled  at  128  Hz,  and  the  sonobuoy  tune  series,  sampled  at  20  kHz,  had  to  be  resampled  in  order  to 
match  the  50  Hz  sampling  frequency  of  the  Swallow  float  data.  This  section  describes  how  this  was  done. 

The  OBS  data  were  resampled  in  four  steps;  interpolation  by  a  factor  of  five  was  done  to  go  from  a 
sampling  frequency  of  128  Hz  to  640  Hz,  low<pass  filtering  and  desampling  by  a  factor  of  8  was  next  done 
to  go  from  640  Hz  to  80  Hz,  and,  finally,  these  two  steps  were  repeated  in  order  to  go  from  80  Hz  to  400 
Hz  to  SO  Hz.  Interpolation  was  done  using  a  sine  function  with  17  coefficients.  The  128>coefficient, 
finite-impulse-response,  equal-ripple,  digital  filter  used  in  the  low-pass  filtering  operation  was  designed 
using  the  Remez  exchange  algorithm.  The  filter  had  a  transition  (from  pass  band  to  stop  band)  width  of 
0.03  fractional  sampling  frequency,  a  ripple  deviation  in  the  pass  band  of  0.0039  dB  and  a  -67.04  dB  ripple 
deviation  in  the  stop  band.  The  transfer  function  of  the  total  four-step  resampling  operation  is  shown  in 
Figure  I.l.  Frequencies  above  20  Hz  are  attenuated  due  to  the  finite  transition  width  of  the  filter. 

To  verify  that  the  OBS  resampling  process  was  behaving  properly,  spectra  calculated  from  time 
series  sampled  at  the  original  128  Hz  were  plotted,  from  0  to  25  Hz,  on  top  of  spectra  estimated  from  time 
series  resampled  to  SO  Hz.  Figure  1.2  shows  the  results  of  a  typical  comparison.  Most  of  the  perceptible 
differences  occur  above  22  Hz,  as  expected  from  the  transfer  function  of  the  resampling  process.  Some  of 
the  differences  are  also  due  to  the  slightly  different  total  duration  of  the  time  series  considered  in  each  case. 

The  20  kHz  sonobuoy  data  were  also  resampled  in  a  four-step  process.  Two  identical  steps  of  low- 
pass  filtering  and  desampling  by  a  factor  of  five,  to  go  from  20  kHz  to  4  kHz  to  800  Hz,  were  followed  by 
two  identical  steps  of  filtering  and  desampling  by  a  factor  of  four,  to  go  from  800  Hz  to  200  Hz  to  SO  Hz. 
The  two  equal  ripple  digital  filters  used  in  the  process  also  had  128  coefficients  and  transition  widths  of 
0.03  fractional  sampling  frequency.  The  filter  used  prior  to  desampling  by  five  had  ripple  deviations  in  the 
pass  band  and  stop  band  of  0.0035  dB  and  -67.98  dB,  respectively,  and  the  filter  used  prior  to  desampling 
by  four  had  deviations  in  the  pass  band  and  stop  band  of  0.0037  dB  and  -67.40  dB.  The  transfer  function 
of  the  sonobuoy  resampling  process  is  shown  in  Figure  1.3. 
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II.  Time  Series 

Selected  time  series  from  each  of  the  sensor  systems  are  presented  in  this  section.  Data  collected 
during  the  April  deployment  are  presented  first,  followed  by  data  from  the  May  deployment. 


i)  April  Deployment 


a)  Swallow  Float  Time  Series 

Swallow  float  records  S47  through  SS8.  which  were  recorded  between  14:44  and  14:53,  22  April, 
appear  in  Figures  II.  1  to  II.S.  Only  the  data  from  the  midwater  floats  are  presented;  both  of  the  bottom 
Swallow  floats'  data  were  contaminated  by  tether  effects  during  this  time,  lliis  block  of  records  was  writ¬ 
ten  before  the  floats  had  reached  their  equilibrium  depth.  The  very  low  frequency  (about  0.4  Hz),  flow- 
induced  float  rocking  is  evident  on  the  horizontal  geophone  components.  The  one-to-two-second  duration 
arrivals  occuring  ten  seconds  into  some  of  the  records  are  caused  by  the  8  kHz  localization  ping  issued  by 
each  float  every  12  records.  These  time  series  are  plotted  because  the  ship-generated  signal,  becoming 
predominant  in  record  553  on  the  z  axes,  was  used  to  align  the  Swallow  float  and  the  OBS  time  series  in 
the  April  experiment 

Swallow  float  records  927  through  938,  recorded  approximately  between  19:29  and  19:38, 22  April, 
are  plotted  in  Figures  II.6  to  11.10,  for  all  properly  operating  midwater  floats.  The  clipped  arrivals  in 
records  927  and  929  a^e  from  two  5-lb  TNT  detonations,  shots  #4  and  #5,  deployed  from  the  Melville  [1]. 
The  clipped  arrivals  on  the  horizontal  geophone  axes  in  records  931  and  932  are  probably  due  to  the  Narra- 
gansett 


b)  Ocean  Bottom  Seismometer  Time  Scries 

The  four-component  time  series  recorded  by  ocean  bottom  seismometers  05  and  06  during  events  87 
and  88  are  plotted  in  Figures  II.  1 1  and  11.12.  Only  these  two  OBSs  recorded  events  87  and  88.  The  events' 
starting  times  were  14:31  and  14:46,  22  April.  (Refer  to  Tables  1.8  and  1.9  in  the  May  Swallow  float  trip 
report  [2]  for  the  starting  times  of  all  events  recorded  while  the  Swallow  floats  were  in  the  water  in  April 
and  May).  These  time  scries  are  presented  because  the  Narragansett-generated  signal  at  the  end  of  event 
88  was  used  to  align  the  ocean  bottom  seismometer  time  base  with  that  of  the  Swallow  floats  during  the 
April  experiment  (see  the  following  section). 

The  four-component  OBS  time  series  for  events  105  through  112,  each  29  seconds  in  duration,  ore 
plotted  in  Figures  11.13  through  11.21.  The  events  were  recorded  15  minutes  apart  starting  at  19:01  (Table 
1).  The  time  series  amplitude  is  normalized  by  the  value  given  at  the  top  of  each  figure.  Event  107  is  stu¬ 
died  further  in  the  following  sections  since  it  was  recorded  during  the  time  period  for  which  sonobuoy  data 
were  available  (19:26  through  19:44)  as  well  as  during  the  time  period  for  the  recording  of  Swallow  float 
record  930,  presented  in  Figures  II.6  through  11.10.  For  a  discussion  of  the  quaiity  of  the  OBS  data,  sec  the 
May  trip  report  [2]. 


c)  Sonobuoy  Time  Scries 

Four  minutes  of  sonobuoy  time  scries  are  presented  in  Figures  11.22  and  11.23  for  two  sonobuoys, 
channels  20  and  21.  Note  that  each  figure  shows  three  minutes  of  data,  recorded  between  the  beginning  of 
the  two  times  listed  in  the  figures,  and  that  the  two  figures  have  a  two-minute  overlap.  The  abscissa  in  the 
ligurcs  has  a  length  of  45  seconds,  in  order  to  be  consistent  with  the  Swailow  float  and  OBS  time  series 
plots.  Again,  the  amplitude  has  been  normalized  by  the  value  given  at  the  top  of  each  plot. 

The  two  arrivals  due  to  the  two  TNT  shots  #4  and  #5  are  clearly  recorded.  These  anivals  allow  the 
Swallow  float  and  sonobuoy  time  scries  to  be  aligned,  as  discussed  in  the  next  section.  The  low  frequency 
oscillation  in  sonobuoy  20’s  time  series  starting  about  35  seconds  into  time  19:29  may  be  caused  by  the 
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140-nneter-long  sonobuoy  tether.  Sonobuoy  20  data  also  show  a  few  spurious  spikes  which  are  probably 
not  of  acoustic  origin  since  they  were  not  recorded  by  sonobuoy  21. 


ii)  May  Deployment 


a)  Swallow  Float  Time  Series 

Selected  time  series,  records  1044  through  lOSS,  written  by  the  midwater  Swallow  floats  during  the 
May  deployment  are  presented  in  Figures  11.24  through  11.29.  This  period  of  time,  from  22:S9  through 
23:08,  S  May,  was  chosen  for  plotting  because  of  the  simultaneous  recording  of  the  three-minute  OBS 
event  313  and  because  of  the  presence  of  a  coherent  arrival,  thought  to  be  ship-generated,  near  the  end  of 
record  1048  on  the  horizontal  Swallow  float  geophone  components. 


b)  Ocean  Bottom  Seismometer  Time  Series 

Events  311  (179  seconds  of  data  starting  at  17:01,  5  May)  and  313  (179  seconds  of  data  starting  at 
23:01,  S  May)  recorded  by  the  ocean  bottom  seismometers  are  plotted  in  Figures  11.30  through  11.38.  Event 
311  was  recorded  during  the  time  when  bottom-mounted  Swallow  float  11  was  apparently  uncontaminated 
by  its  tether.  (Float  1 1  time  series  are  presented  in  Figures  X.9c  of  the  May  trip  report  [2]).  Event  313  was 
recorded  within  an  hour  after  the  research  ship,  the  Scorpius,  had  steamed  across  the  array.  Therefore,  the 
coherent  arrival  ten  to  fifteen  seconds  into  event  313,  most  prominently  recorded  on  the  vertical  geophone 
axes  of  OBSs’  02,  04,  06,  and  13,  was  probably  ship  generated.  It  is  assumed  that  this  coherent  arrival  is 
the  same  one  recorded  on  the  Swallow  floats’  horizontal  axes  in  record  1048.  This  assumption  allows  the 
Swallow  float  and  OBS  time  series  to  be  approximately  aligned  so  that  inter-comparisons  between  data 
taken  at  the  same  time  can  be  made.  Since  only  spectral  differences,  and  not  coherences,  between  the  two 
sensors  have  been  attempted  for  the  May  trip  data,  the  need  to  align  the  time  bases  accurately  can  be 
relaxed  by  assuming  that  the  noise  is  stationary  over  the  remaining  (and  unknown)  period  of  time  offset 
between  the  time  series. 
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in.  Time  Series  Aiignment 


Coherence  squared  estimates,  presented  in  Section  VI,  m  dejMndent  upon  the  time  offset  between 


the  two  time  series  under  consideration.  That  is,  7^(t)  a  7^(0) 


I-: 


,  where  t  is  the  time  offset  between 


the  time  series,  T  is  the  time  period  for  each  segment  of  data  being  transformed,  and  y  is  the  frequency- 
dependent  coherence  function.  Therefore,  in  order  to  obtain  maximum  coherence  squared  estimates,  the 
three  sensor  systems'  time  series  must  be  aligned. 


i)  April  Deployment 

In  the  April  trip,  the  recording  of  the  TNT  explosions  allow  for  the  time  bases  of  the  Swallow  floats 
and  the  sonobuoys  to  be  aligned.  Unfortunately,  the  ocean  bottom  seismometers  did  not  record  any  of  the 
explosions.  A  complete  search  of  the  OBS  time  series  has  been  performed  in  order  to  find  alternate 
coherent  arrivals  with  which  to  align  the  time  bases.  The  only  candi^te  in  the  April  data,  a  Narragansett- 
generated  arrival,  appears  at  the  end  of  event  88  in  OBSs’  OS  and  06  time  series  and  in  record  SS3  of  the 
Swallow  float  data.  (See  the  time  series  plots  in  Section  B).  Figures  III.l  through  III.  10  show  the  results  of 
cross-correlating  the  midwaier  SwaUow  float  tinte  series  in  record  SS3  with  the  last  44  seconds  of  event  88. 
A  peak  consistently  occurs  at  a  lag  of  just  over  -6  seconds  in  the  plots  showing  the  cross-correlation  of  the 
Swallow  float  axes  with  the  OBSs*  vertical  axes,  the  uppermost  plot  in  each  figure.  Therefore,  the  first  sam¬ 
ple  point  of  record  553  corresponds  to  a  sample  taken  just  about  129  seconds  into  event  88. 

The  delay  estimated  in  the  previous  paragraph  includes  the  delay  due  to  the  difference  in  propagation 
path  lengths  from  the  Narraganseu  to  the  two  sets  of  instruments.  To  estimate  the  path  difference,  the 
approximate  Swallow  float  location  was  gotten  from  linearly  interpolating  between  the  location  where  the 
floats  were  deployed  and  where  they  were  retrieved  after  recall  (re  Figure  I.l  of  [1]).  The  location  of  the 
Narragansett  was  known  from  intermittent  log  entries  (see  Figures  II.  1  of  [1])  and  the  OBS  locations  were 
known  from  very  accurate  GPS  position  fixes  (re  Figures  1.5  and  1.6  of  [1]).  The  estimated  path  length 
difference  causes  approximately  a  one  second  difference  in  the  arrival  of  the  signal  at  the  two  sensor  sys¬ 
tems.  Therefore,  a  sample  recorded  at  the  beginning  of  record  553  was  recorded  at  about  the  same  time  as 
a  point  128  seconds  into  event  88.  This  implies  that  the  ocean  bottom  seismometer  time  base  measures  the 
time  of  Swallow  float  synchronization  to  be  07:53:20,  22  April,  which  is  well  within  the  accuracy  of  the 
logged  Swallow  float  synchronization  time  of 07:54  since  the  time  was  simply  read  from  a  wrist  watch. 

Because  of  the  impulsive  nature  of  the  TNT  explosion,  the  Swallow  float  and  sonobuoy  time  bases 
can  be  easily  aligned  by  eye  using  the  time  series  plots  in  Section  II.  From  Figure  11.22,  the  arrival  of  the 
first  explosion  in  the  sonobuoy  data  occurred  at  19:29:19.3  and  the  second  one  arrived  at  19:30:15.9.  The 
arrival  times  were  gotten  from  the  first  large  impulsive  arrival.  However,  both  explosions  recorded  by  both 
sonobuoys  show  a  small  precursor  arriving  1.8  seconds  before  the  main  pulse  train.  Since  the  Swallow 
float  time  scries  show  no  such  precursor  clearly,  the  arrival  time  of  the  main  impulsive  arrival  w,ns  used. 

The  arrivals  of  the  explosions  in  the  Swallow  float  data  are  most  clearly  recorded  on  the  vertical  geo¬ 
phone  component.  Since  the  floats  each  have  independent  internal  clocks  which  drift  slightly  with  respect 
to  one  another  (less  than  a  second  in  24  hours),  the  explosions'  arrival  limes  can  vary  between  floats  due 
both  to  differences  in  propagation  distances  and  to  relative  clock  drift.  From  the  inter-float  localization 
ping  data  (see  [1],  Section  VII),  floats  0  and  1  show  very  little  relative  clock  drift.  Because  of  that,  and 
because  the  explosions'  arrival  times  measured  from  these  two  floats'  data  are  about  the  average  of  the 
arrival  times  for  all  midwater  Swallow  floats,  floats  0  and  1  were  chosen  for  determining  the  arrival  times. 
(Actually,  the  maximum  difference  in  arrival  times  between  each  of  the  Swallow  floats  for  a  given  shot 
was  only  0.8  seconds).  The  two  detonation  arrivals  arc  at  19:29:52.0  and  19:30:48.5  from  Swallow  floats' 

0  and  1  z-axis  data.  This  results  in  a  32,7-sccond  time  offset  between  between  the  Swallow  float  and  the 
sonobuoy  lime  bases.  From  the  geometry  of  TNT  explosions  #4  and  #5  (Figures  II.6  and  II.7  of  [1])  with 
respect  to  the  estimated  positions  of  the  Swallow  floats  (from  Figure  I.l  of  [1])  and  the  sonobuoys  (from 
Figure  1.3  of  [1]),  no  significant  time  delay  due  to  propagation  path  differences  appears  to  exist.  Therefore, 
according  to  the  sonobuoy  lime  base,  the  Swallow  floats  were  not  synchronized  at  07:54,  but  rather  at 
07:53:27.3,  22  April.  This  implies  that  a  7.3-second  offset  occurs  between  the  OBS  and  the  sonobuoy  time 
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bases. 


ii)  May  Deployment 

The  coherent  ship-generated  arrival  in  the  May  data  discussed  in  section  II  can  be  used  to  align  the 
Swallow  float  and  OBS  time  bases.  Since  coherence  squared  estimates  are  not  presented  for  the  May  data, 
the  alignment  of  the  time  series  can  be  done  more  roughly.  The  coherent  arrival  time,  as  measured  by  the 
Swallow  floats,  was  gotten  from  float  3's  y  axis  where  it  was  mo.st  clearly  recorded.  It  is  at  about  23:02:35, 
5  May.  The  time  of  arrival  in  the  OBS  data  is  quite  variable,  differing  by  up  to  five  seconds.  This  variabil¬ 
ity  cannot  be  explained  by  a  difference  in  propagation  distance;  the  OBSs  were  closely  spaced  in  the  exper¬ 
iment  [1]  in  order  to  study  slowly  propagating  Scholte  waves.  Also,  relative  OBS  clock  drifts  cannot 
explain  the  difference;  timing  offsets  due  to  clock  drift  were  less  than  one  second.  The  arrival  time 
recorded  by  the  OBSs  was  taken  to  be  ten  seconds  into  event  313,  i.e.  at  23:01:10.  The  resulting  time 
offset  is  8S  seconds.  Therefore,  the  OBS  time  base  measures  the  float  synchonization  time  to  be  at 
09:54:35, 5  May,  rather  than  at  09:56. 

Initial  attempts  at  aligning  the  time  series  using  impulse  response  estimation  techniques  have  been 
made.  Figure  III.  11  shows  the  result  of  estimating  the  time  offset  between  the  two  sonobuoys  by  estimat¬ 
ing  the  impulse  response  between  them.  According  to  an  article  by  P.  Roth  [4],  and  to  numerical  simula¬ 
tions,  the  impulse  response  has  a  larger  signal-to-noise  ratio  than  the  cross  correlation  as  long  as  the  two 
lime  scries  can  be  approximately  aligned  beforehand  (i.e.  as  long  as  the  initial  time  offset  is  less  than  about 
one-fourth  the  duration  of  the  impulse  response  function.  In  Figure  III.ll,  note  how  the  envelope  of  the 
impulse  response  amplitude  tapers  towards  the  center  of  the  plot,  due  to  degradation  caused  by  the  increas¬ 
ing  lime  offset).  The  sonobuoy  data  were  recorded  using  the  same  time  base  for  all  ship-launched 
sonobuoys.  Any  time  offset  between  sonobuoys  20  and  21  is  therefore  due  to  a  difference  in  propagation 
time  from  a  coherent  source  to  the  sensors.  The  period  of  time  chosen  for  estimating  the  impulse  response 
in  Figure  III.ll  corresponds  to  the  lime  of  arrival  of  the  second  TNT  detonation  in  the  sonobuoy  time 
scries.  The  maximum  amplitude  in  the  figure  occurs  at  an  offset  of  0.6  seconds,  indicating  an  inter- 
sonobuoy  distance  offset  of  900  meters  with  respect  to  the  TNT  shot  location.  Careful  measurement  of  the 
arrival  times  from  the  time  series  in  Figure  11.22  show  about  a  0.5  second  offset.  Since  the  two  sonobuoys 
were  deployed  at  the  same  location  [I],  they  had  to  drift  apart  by  at  least  900  meters  during  the  two-and-a- 
half  hour  period  after  they  were  deployed.  This  impulse-response  estimation  technique  may  be  used  to 
fine-tune  the  time  offsets  tetween  two  sensors  once  gross  offsets  in  the  time  bases  have  been  removed  and 
the  locations  of  the  instruments  (for  the  sonobuoys  and  the  Swallow  floats)  have  been  determined. 
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IV.  Velocity  and  Pressure  Spectral  Estimates 


i)  April  Deployment 


a)  Midwatcr  Swallow  Float  Spectra 

Swallow  float  geophone  velocity  spectra  and  derived  pressure  spectra  for  records  927  through  932 
and  for  record  1600  for  all  properly  operating  midwater  floats  in  the  April  trip  are  presented  in  Figures  IV,  1 
through  IV.  10.  (Note  that  the  spectral  estimate  for  float  3  in  record  932  cannot  be  made  because  of  a  miss¬ 
ing  resynchronization  character  in  the  record's  data,  re  Figure  V.la  of  [1]).  The  spectral  estimates  arc  cal¬ 
culated  by  dividing  40.96  seconds  of  data  in  each  record,  starting  three  seconds  into  each  record  in  order  to 
avoid  tape  recorder  contamination,  into  seven  10.24-second  segments  overlapped  by  SO  %,  windowing 
each  segment  with  a  Kaiser-Besscl  window  of  a  equal  2.S,  Fourier  transforming,  and  then  incoherently 
averaging  the  resulting  seven  spectra.  The  spectral  estimates,  with  90  %  confldence  limits  of  approxi¬ 
mately  +  3.3  dB  to  -  2.3  dB,  are  properly  normalized  to  give  units  of  dB  re  1  (m/sec)^/Hz  or  dB  re 
1  (nPa)^/Hz. 

Records  927  through  932  (19:29  through  19:33, 22  April)  were  recorded  while  the  Narragansett  was 
2000  to  2S00  meters  away  towing  the  Argotec  source  [1].  The  source  was  broadcasting  at  about  16  Hz 
until  around  19:32,  when  the  frequency  was  changed  to  SO  Hz.  Records  927, 923,  and  929  contain  the  two 
TNT  explosions.  Record  1600  was  recorded  during  the  early  morning  hours  of  23  April,  at  03:S3,  presum¬ 
ably  during  a  quiet  period.  However,  as  mentioned  in  the  April  trip  report  [1],  the  Melville  was  stationed 
over  the  center  of  the  deployment  area  during  this  period.  The  lumps  of  energy  seen  in  record  1600's  spec¬ 
tra  (Figures  IV.6  through  IV.  10)  between  7  and  10  Hz,  IS  to  20  Hz.  and  at  23  Hz  are  probably  ship  gen¬ 
erated. 


b)  Ocean  Bottom  Seismometer  Spectra 

In  Figures  IV.  1 1  through  IV.  19,  the  spectral  estimates  for  the  29-sccond-bng  event  107  for  all  prop¬ 
erly  operating  ocean  bottom  seismometers  are  presented.  These  estimates  were  derived  following  the  pro¬ 
cedure  described  above  for  the  Swallow  float  spectra,  with  two  differences.  The  first  three  seconds  of  the 
event  were  not  skipped  and  since  the  event  is  only  29  seconds  long,  only  four  10.24-second  segments, 
rather  than  seven,  were  available  for  transforming  and  averaging.  The  spectral  estimates  therefore  have  a 
wider  90  %  confldence  interval,  from  4.7  dB  to  •  2.9  dB.  Spectral  estimates  were  also  calculated  using 
5.12-sccond  segments,  giving  less  frequency  resolution,  but  allowing  for  an  average  of  ten  spectra  rather 
than  four.  The  estimated  spectral  levels  in  both  cases  were  almost  identical. 

The  hydrophones  installed  on  the  ocean  bottom  seismometers  were  of  two  types;  OBSs  01,  05,  and 
06  were  equipped  with  the  ultra-low-frequency  differential  pressure  transducets  of  the  Cox-type  design  and 
the  other  instruments  were  fitted  with  tlie  regular  OBS  hydrophones  (see  [2]  for  references).  All  instru¬ 
ments  had  identical  three-component  gsophones.  The  Cox-type  hydrophone  on  OBS  01  did  not  operate 
properly,  the  one  on  OBS  05  stopped  recording  sometime  between  the  April  and  May  Swallow  float 
deployments,  and  the  time  series  recorded  by  tlie  regular  hydrophones  on  OBSs  02, 08, 12, 13,  and  14  were 
contaminated  by  spikes  spaced  every  half  second,  yielding  the  peaks  every  2  Hz  in  the  spectra.  Since  the 
Cox-type  hydrophones  appear  to  be  noisy  above  a  few  Hz  [2],  only  the  regular  hydrophone  on  OBS  04 
appears  to  have  recorded  uncontaminated  data  above  a  few  hertz. 

The  OBS  geophone  spectral  level  estimates  are  quite  variable,  both  between  levels  repotted  on  a 
given  component  by  different  instruments  and  by  different  components  of  a  given  instrument.  These  varia¬ 
tions  can  be  seen  more  clearly  m  the  piots  of  the  next  section.  Reasons  for  the  variation  in  the  spectral  lev¬ 
els  are  still  being  invesigated  by  Dr.  Dorman’s  rcseaich  group  [private  communication].  His  group  has 
thus  far  focused  most  of  their  attention  on  the  \crtical  gcophone  component  [private  communication], 
which  appears  to  record  more  consistent  spectral  levels,  except  those  from  OBSs  05  and  06  during  event 
107.  Also,  calibration  for  the  OBS-sediment  coupling  has  been  done  only  for  the  z  gcophone  component 
[5].  Figure  IV.20  reproduces  Figure  3.7  from  reference  [5],  which  shows  the  correction  to  the  OBS 
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vertical  geophone  spectra  to  account  for  the  OBS>sediment  coupling.  This  correction  has  not  been  made  in 
the  spectral  estimates  presented  here.  It  amounts  to  at  mo.st  an  8  dB  adjustment  in  the  vertical  component 
spectral  levels  around  20  Hz,  where  a  resonance  in  the  OBS-sediment  coupling  occurs. 

The  OBS  spectra  from  event  107  and  the  Swallow  float  spectra  during  record  930  show  similar  broad 
peaks  at  about  14  Hz,  17  Hz,  18  Hz,  and  23  Hz.  These  peaks  are  probably  due  to  the  Narragansett  Very 
little  indication  of  the  Argotec  source  is  present,  either  because  of  a  weak  signal  or  because  the  source  fre< 
quency  had  ajcady  been  changed  to  SO  Hz,  Data  recorded  earlier  (in  record  921)  did  show  a  16  Hz, 
Argotec-generated  peak  on  the  z  axis  of  the  Swallow  float  geophones,  although  it  was  weak  [1].  The 
overall  spectral  levels  will  be  discussed  in  the  next  section  on  spectral  differences. 


c)  Sonobuoy  Spectra 

The  estimated  pressure  spectra  from  the  data  recorded  by  the  two  sonobuoys,  channels  20  and  21,  are 
showm  in  Figures  IV .21  and  IV.22.  Those  spectral  estimates  were  calculated  following  the  procedure  used 
in  calculating  the  Swallow  float  spectra,  after  taking  the  first  40.96  seconds  of  data  from  each  of  the  four 
minutes  of  data  listed  in  the  figures.  Note  that,  as  discussed  in  the  Appendix,  the  sonobuoy  calibration 
curves  below  S  Hz  were  empirically  derived.  Therefore,  the  spectral  plots  below  5  Hz  are  only  rough 
approximations.  The  sonobuoy  spectra  do  not  show  any  of  the  peaks  in  common  with  the  Swallow  float 
and  OBS  data.  The  especially  pr^minant  spectral  peak  at  23  Hz  in  the  Swallow  float  and  OBS  data  does 
not  appear  in  the  sonobuoy  spectra,  except  during  19:32  for  sonobuoy  20.  The  lack  of  the  peak  is  some¬ 
what  disturbing,  although  it  is  possible  that  the  sonobuoys  were  in  a  shadow  zone  with  respect  to  the  source 
(presumably  the  Narragansett)  during  this  time.  The  sonobuoys  were  at  approximately  130  meters  depth, 
whereas  the  midwater  Swallow  floats  were  at  400  meters  and  the  bottom-mounted  instruments  were  at 
3800  meters.  What  is  more  disturbing  is  the  large  difference  in  spectral  levels,  especially  at  the  upper  end 
of  the  frequency  band,  reported  by  the  two  sonobuoys.  This  will  be  better  illustrated  in  the  next  section. 
Also,  there  is  a  significant  variation  in  the  shape  and  level  of  sonobuoy  20’s  spectra  from  one  minute  to  the 
next. 


ii)  May  Deployment 


a)  Midwater  Swallow  Float  Spectra  while  the  Float  was  Descending 

Spectral  estimates  from  periodic  samples  of  the  data  recorded  by  Swallow  float  2  while  it  descended 
to  its  equilibrium  depth  at  1800  meters  are  shown  in  Figures  IV.23  through  IV.26.  These  estimates  were 
made  in  order  to  see  how  relative  flow  past  the  Swallow  floats  affects  the  spectra.  From  the  change  in  the 
travel  time  of  the  surface  reflection  of  the  8  kHz  localization  ping  [2]  over  time,  the  rate  of  descent,  and 
thus  the  relative  flow,  during  each  of  the  four  records  in  Figures  IV.23  through  IV.26  can  be  derived.  It 
was  0.08  m/sec  during  record  200, 0.05  m/scc  during  record  400, 0.03  m/sec  during  record  600,  and  about 
0.0004  m/sec  during  record  800.  For  reference,  currents  near  the  ocean  floor  are  typically  on  the  order  of  a 
few  centimeters  per  second.  Because  of  float  rocking,  induced  by  pressure  differences  due  to  the  relative 
flow,  the  signals  from  the  horizontal  axes  of  the  geophone  are  clipped  during  records  200  and  400.  There¬ 
fore,  only  the  z  axis  spectral  levels  should  be  considered.  The  vertical  axis  spectra  for  the  four  records  are 
plotted  together  in  Figure  IV.27.  As  is  evident  in  the  figure,  a  relative  flow  of  0.08  m/sec  can  increase  the 
particle  velocity  spectral  levels  by  over  20  dB  below  10  Hz.  At  a  relative  flow  of  0.05  m/sec,  the  increased 
levels  are  only  slightly  reduced,  but  only  occur  below  2  to  3  Hz.  An  initial  attempt  to  model  these  spectral 
level  increases  due  to  relative  flow  by  considering  the  advection  of  turbulent  velocity  fluctuations  past  the 
geophone  [6]  has  been  weakly  successful.  One  problem  with  the  model  is  that  the  predicted  levels  depend 
heavily  on  the  amount  of  turbulent  energy  dissipation  per  unit  mass,  which  is  unknown. 


b)  Additional  Midwater  Swallow  Float  Spectra 
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A  six*record  sequence  of  spectra  from  the  midwater  Swallow  floats,  from  1047  to  1052,  are  shown  in 
Figures  I  V.28  through  IV.33.  (The  interval  of  records  plotted  for  float  8  are  from  963  to  968,  wriuen  at  tho 
same  time  as  records  1047  to  1052;  both  floats  8  and  9  data  contained  time  offsets  in  May  due  to  being 
resynchronized  [2]).  Record  1050  was  recorded  at  about  the  same  time  as  the  data  starting  a  minute  into 
OBS  event  313.  The  Scorpius  had  steamed  across  the  OBS  array  about  an  hour  previously,  traveling 
northeast  at  about  10  km/hr  (5.5  knots).  No  obvious  peak  in  the  spectra  occurs  at  the  blade  rate  frequency 
of  the  ship,  predicted  to  be  between  19.5  and  21  Hz.  However,  spectral  energy  does  appear  around  13  Hz, 
most  predominantly  in  record  1050,  and  at  7  Hz,  mostly  in  record  1051.  Spectral  peaks  at  about  0.5  Hz  are 
due  to  float  rocking,  and  the  peaks  below  5  Hz  in  floats*  3. 7,  and  8  spectra  are  generated  by  their  casseue 
tape  recorders  [2], 

A  final  six<record  sequence  of  midwater  Swallow  float  spectra,  from  record  1527  through  1532 
(1443  through  1448  for  float  8),  are  given  in  Figures  IV, 34  through  IV.38.  (Note  that  Swallow  float  0  had 
stopped  recording  data  by  this  time  [2]).  The  data  were  recorded  at  the  same  time  as  the  data  after  a  minute 
into  OBS  event  315.  Spectral  peaks  at  9,  12.6, 18,  and  20  Hz  appear  rather  consistently  in  the  data.  The 
Scorpius  was  30  km  from  the  array  at  this  time. 


c)  Bouom<Mounted  Swallow  Float  Spectra 

An  interval  of  data,  records  566  through  571,  recorded  when  bottom-mounted  Swallow  float  11  was 
uncontaminated  by  tether  effects,  was  analyzed.  Spectral  estimates  are  given  in  Figures  IV.39a  through 
lV.39f.  The  midwater  floats  had  unfortunately  not  yet  reached  their  ballasted  depth  when  these  records 
were  written,  but  the  ocean  bottom  seismometers  recorded  event  311  during  this  time.  Twenty  seconds 
after  the  beginning  of  event  311  corresponds  in  time  to  the  beginning  of  record  569.  Again,  the  spectra 
contain  a  peak  at  12.6  Hz.  The  Scorpius  was  a  horizontal  disutnee  of  7.4  km  from  float  1 1  and  4.4  km  from 
the  OBS  array  at  this  time.  Differences  in  spectral  levels  recorded  by  the  Swallow  float  and  the  OBSs  will 
be  discussed  in  the  next  section. 


d)  Ocean  Bottom  Seismometer  Spectra 

Specual  estimates  from  the  OBS  data  collected  during  the  May  deployment  of  the  Swallow  floats  are 
now  presented,  in  Figures  IV.40  through  IV.65.  The  pieces  of  data  selected  for  analysis,  starting  23 
seconds  into  event  311, 68  seconds  into  event  313,  and  68  seconds  into  event  315,  correspond  to  the  times 
of  Swallow  float  records  569,  1050,  and  1530,  respectively,  with  a  three-second  delay  (re  Table  1).  A 
Dirac  delta  impulse  at  0  Hz  in  some  of  the  spectra,  e.g.  the  pressure  spectra  for  OBS  05,  indicate  that  data 
were  not  recorded  by  that  component.  (Other  apparent  problems  with  the  OBS  data  are  discussed  in  refer¬ 
ence  [2]).  The  OBS  spectra  also  appear  to  show  a  peak  at  12.6  Hz.  A  peak  at  20  Hz  also  appears  in  some 
of  the  spectra. 
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V.  Spectral  Differences 

A  comparison  of  the  spectral  levels  reported  by  the  various  instruments  is  most  easily  done  by  plot¬ 
ting  spectral  differences.  These  plots  are  now  presented. 


a)  Spectral  Differences  between  Instruments  of  the  Same  Type 

In  order  to  illustrate  the  consistency  between  the  levels  reported  by  instruments  of  the  some  type, 
spectral  differences  (firom  data  taken  at  the  same  time)  between  midwater  Swallow  floats  and  other  midwa- 
ter  Swallow  floats,  ocean  bottom  seismometers  and  other  ocean  bottom  seismometers,  and  between  the  two 
sonobuoys,  are  plotted  in  Figures  V.l  through  V.31,  The  Swallow  float  spectral  difference  plots,  in  Figures 
V,1  through  V.8,  show  that  these  instruments  consistently  report  approximately  the  same  spectral  levels. 
Variations  from  zero  in  the  figures  are  generally  within  the  confidence  limits  expected  from  the  variance  in 
the  spectral  estimates.  The  difference  in  levels  on  the  x  axes  of  two  floats  may  show  a  net  offset,  but  the  y 
axes'  difference  shows  an  offset  of  opposite  sign.  If  the  compass  heading  information  had  been  used  to 
align  the  geophones'  horizontal  axes,  these  offsets  would  not  exist.  The  difference  plots  involving  one  of 
the  floats  with  a  noisy  cassette  tape  recorder.  i.e.  floats  3, 7,  and  8,  show  the  O.S,  2,  and/or  3  Hz  peak(s)  on 
the  horizontal  axes  mentioned  in  the  previous  section. 

The  OBS  spectral  differences  calculated  from  data  taken  in  events  107  and  315  arc  shown  in  Figures 
V.9  through  V.27.  OBS  04  was  used  as  reference  since,  as  mentioned  in  the  previous  section,  its  hydro¬ 
phone  data  was  of  the  highest  quality  of  all  the  ocean  bottom  seismographs  and  its  geophone  data  appeared 
to  bo  unconuuninated.  The  hydrophone  spectral  differences  show  the  relatively  low  quality  of  the  data, 
although  with  some  effort  in  removing  the  contaminating  half-second  spikes  in  OBSs*  02, 08, 12, 13,  and 
14  time  series,  useable  data  may  result  The  vertical  axes  differences  are  quite  consistent  (except  for  those 
of  OBSs  01,  05  and  06  in  event  107),  and  are  remarkably  consistent  below  6  Hz.  The  horizontal  axes' 
differences  are  another  story;  variations  of  up  to  40  dB  are  not  uncommon.  (Note  that  for  some  com¬ 
ponents  in  some  of  the  figures.  i.e.  the  z  axes'  difference  of  Figures  V.  11  and  V.12,  the  y  axes'  difference 
in  Figure  V.13,  and  the  x  axes'  difference  of  Figure  V.15.  the  spectral  difference  appears  to  not  be  plotted. 
In  these  cases,  the  spectral  difference  was  greater  than  40  dB  over  the  whole  frequency  range.  The  lack  of 
a  plot  for  the  pressure  difference  in  Figure  V.19,  on  the  other  hand,  was  due  to  the  malfunction  of  the 
hydrophone  on  OBS  05  sometime  between  the  April  and  May  sea  trips.  Therefore,  specuol  differences 
greater  than  40  dB  over  the  whole  frequency  range  occur  only  in  event  107,  which  was  29  seconds  long, 
and  not  in  events  of  179  seconds  duration).  The  large  variations  in  levels  on  the  horizontal  axes  are  not 
random;  this  will  be  discussed  later  in  part  c  of  this  section.  However,  note  that  when  using  OBS  08  as 
reference  in  comparison  with  OBSs  12, 13  and  14,  in  Figures  V.25  through  V.27,  the  spectral  differences 
on  the  horizontal  axes  are  much  more  consistent.  It  also  appears  that  the  data  is  of  generally  higher  quality 
in  event  315  than  in  event  107;  this  may  be  a  result  of  the  short  duration  of  event  107. 

The  comparison  of  the  spectral  levels  reported  by  the  two  sonobuoys  for  which  we  have  dam  are  in 
Figures  V.28  through  V.31.  Above  1  Hz,  the  diff^ence  between  the  two  sonobuoys  appears  to  increase 
with  increasing  frequency,  and  is  generally  less  than  IS  dB,  except  during  19:32.  The  difference  between 
the  two  sonobuoys  also  increases  as  a  function  of  time  for  the  four  consecutive  minutes  analyzed  here, 
making  a  sudden  jump  to  a  20  dB  difference  during  19:32,  in  Figure  V.31,  This  spectral  difference  may  be 
due  to  differences  in  the  sonobuoy  locations  with  respect  to  a  sound  source:  the  arrival  times  of  TNT  shot 
#5.  as  discussed  at  the  end  of  Section  III,  suggest  a  sensor  separation  of  at  least  900  meters.  The  difference 
may  also  be  due  to  a  degradation  in  sonobuoy  20’s  sensitivity.  Data  from  other  sonobuoys,  as  well  as 
localizing  the  sonobuoys  using  the  8  kHz  ping  issued  by  the  Swallow  floats,  would  help  distinguish 
between  these  possible  explanations. 


b)  Spectral  Differences  between  a  Bottom  Swallow  Roat  and  the  Midwater  Floats 

The  spectral  differences  between  data  from  bottom-mounted  Swallow  float  1 1  and  the  midwater 
Swallow  floats'  data  during  the  May  deployment  are  presented  in  Figures  V.32  through  V.36.  The  data 
from  float  1 1  were  taken  during  a  period  of  time  when  contamination  from  the  float’s  tether  docs  not 
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appear  to  be  present.  Unfortunately,  the  midwater  floats  had  not  yet  reached  their  equilibrium  depth  at  this 
time,  and  float  ll’s  data  were  tether«contaminated  for  the  remainder  of  the  deployment  after  the  midwater 
floats  had  reached  equilibrium.  The  comparison  is  therefore  between  data  token  at  different  times.  The 
spectral  levels  above  S  Hz  heard  by  float  11  are  about  10  dB  less  than  those  on  the  midwater  floats  (which 
are  1800  meters  in  depth).  Below  S  Hz,  the  differences  gradually  decrease  to  zero.  This  may  be  a  result  of 
possible  residual  tether  contamination  in  float  ll’s  data,  or  of  the  decreasing  ability  of  the  sound  channel  to 
trap  acoustic  energy  with  decreasing  frequency. 


c)  Spectral  Differences  between  a  Bottom  Swallow  Float  and  the  OBSs 

The  ocean  bottom  seismometers  recorded  event  311  during  the  time  when  float  11  appears  to  be 
unaffected  by  its  tether.  The  spectral  differences  are  shown  in  Figures  V.37  through  V.4S.  The  Swallow 
float  derived  pressure  spectrum  and  the  OBS  hydrt^hone  spectrum,  specifically  the  spectrum  for  OBS  04 
since  its  data  was  of  the  best  quality,  are  both  measures  of  the  acoustic  power  in  the  water  column  near  the 
ocean'sediment  interface:  the  difference  in  Figure  V.39  shows  that  the  OBS  hydrophone  hears  spectral  lev¬ 
els  about  IS  dB  higher  than  the  Swallow  float,  except  near  the  tape-recorder-induced  peak  at  O.S  Hz  in  float 
1 1’s  spectrum.  This  difference  may  be  due  to  improper  calibration  of  one  of  the  instruments.  It  may  also 
be  due  to  the  difference  in  heights  above  the  ocean  bottom  of  the  two  sensors;  the  bottom  Swallow  floats 
were  connected  to  their  anchors  by  4.S7-meter-long  tethers  in  May  whereas  the  OBS  hydrophones  are  only 
about  a  half  meter  or  so  above  the  ocean-sediment  interface.  The  difference  in  levels  may  indicate  that  the 
Swallow  float  was  about  one  skin  depth  from  the  bottom  (one  skin  depth  implies  an  8.7  dB  difference  in 
levels).  However,  this  skin  depth,  must  be  independent  of  frequency,  i.e.  s  1  for  all  frequencies. 
The  difference  in  spectral  levels  doesn’t  appear  to  be  due  to  a  difference  in  flow  noise  contamination;  it 
doesn’t  have  the  right  frequency  dependence.  Likewise,  the  method  of  deriving  the  pressure  spectrum 
from  the  velocity  power  spectra  for  the  Swallow  float  data  over-estimates,  not  under-estimates,  the  spectral 
levels  when  curvature  of  the  wave  field  is  important  [7]. 

Although  the  Swallow  float  geophones  measure  water  particle  velocity  and  the  OBS  geophone  meas¬ 
ures  sediment  particle  velocity,  the  z  axes’  spectral  levels  can  be  compared  since  vertical  particle  velocity 
is  continuous  across  the  water-sediment  interface.  The  Swallow  float’s  vertical  axes  levels  are  about  10  dB 
less  than  those  of  the  ocean  bottom  seismometers  across  the  whole  frequency  range  plotted.  This  differ¬ 
ence  is  consistent  with  the  difference  in  the  pressure  spectra  discussed  in  the  previous  paragraph;  the  possi¬ 
ble  explanations  for  the  difference  given  there  hold  here  also. 

The  horizontal  axes’  differences,  although  variable,  are  around  zero  above  S  to  10  Hz.  At  lower  fre¬ 
quencies,  one  of  two  situations  occur,  either  the  levels  on  the  OBS  horizontals  are  IS  to  30  dB  greater  than 
Swallow  float  1 1  ’s  spectral  levels  below  8  to  10  Hz,  or  the  OBS  horizontals  have  increasingly  lower  spec¬ 
tral  levels  than  the  Swallow  float  horizontals  with  decreasing  flequency;  i.e.  a  few  dB  lower  at  5  Hz 
increasing  to  around  30  dB  lower  at  1  Hz.  This  suggests  that  the  spectral  levels  reported  by  the  OBS  hor¬ 
izontal  components  are  of  two  types.  One  or  both  of  the  two  types  may  result  from  some  characteristic 
form  of  contamination,  e.g.  the  lower  spectfa!  levels  may  result  from  the  OBS  gcophone  not  being  level 
because  of  a  sticky  gimbal  mechanism.  A  geophysical  explanation  for  this  pattern  doesn’t  appear  likely. 


d)  Spectral  Differences  between  the  Mid  water  Swallow  Floats  and  the  OBSs 

The  differences  of  the  midwater  Swallow  float  spectral  levels  and  the  OBS  spectral  levels  for  data 
recorded  at  the  same  time  are  plotted  in  Figures  V.46  through  V.79.  Swallow  float  2  and  OBS  04  are  used 
as  references  in  most  of  the  piots.  The  differences  in  the  pressure  spectra  for  the  regular  OBS  hydrophones 
and  the  derived  pressure  spectra  of  the  Swallow  floats  hover  around  zero  for  most  of  the  comparisons 
(ignoring  the  spike  contamination).  This  is  also  true  of  the  vertical  gcophone  axes’  spectral  levels  (again 
ignoring  those  spectra  that  are  obviously  contaminated).  One  typical  pattern  in  the  comparison  of  the  hor¬ 
izontal  components’  data  taken  in  April  (record  930  versus  event  107  in  Figures  V.46  through  V.60)  shows 
positive  differences  (levels  greater  on  the  OBSs  than  on  the  Swallow  floats)  below  5  to  6  Hz,  a  drop  to 
negative  differences  between  6  and  10  Hz,  and  a  gradual  decrease  in  differences  with  increasing  frequency 
starting  between  about  10  and  15  Hz,  This  pattern  may  be  offset  in  the  positive  or  negative  direction.  For 
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the  comparison  of  the  horizontals'  dau  taken  in  May  (record  1530  versus  event  315  in  Figures  V.61 
through  V.79),  the  difference  on  the  horizontals  may  be  significantly  non<zero  only  below  5  to  10  Hz.  A 
downward'going  spike  at  about  0.5  Hz  in  the  difference  plots  with  float  2'$  spectra  as  referonce  is  evidence 
of  tape-recorder-induced  contamination  in  the  Swallow  float  spectra  even  for  floats  v/ith  quiet  tape  record¬ 
ers.  The  0.5-Hz  spike  is  consistently  greatest  in  amplitude  on  the  x  axis. 


e)  Spectral  Differences  between  the  Midwater  Swallow  Floats  and  the  Sonobuoys 

Figures  V.80  through  V.90  show  the  results  of  comparing  midwaier  Swallow  float  derived  pressure 
spectra  with  sonobuoy  spectra.  (Figure  V.80  shows  some  of  the  spectral  differences  plotted  on  the  same 
scale  as  the  previous  plots  in  this  section).  The  comparison  is  only  approximate  below  5  Hz  since  the 
sonobuoy  calibration  curve  is  derived  empirically.  The  difference  plots  show  three  distinct  slopes  in  three 
frequency  ranges;  above  about  10  Hz.  the  spectr^  difference  is  almost  independent  of  frequency;  between 
4  and  10  Hz,  the  spectral  difference  has  a  slope  of  maybe  -3  dfi/Hz;  and  below  3  to  4  Hz,  the  slope  of  the 
difference  is  about  -9  dB/Hz.  A  hump  around  5  Hz  appears  to  be  a  characteristic  feature  of  the  difference 
plots. 

Much  further  work  remains  to  be  done  in  order  to  understand  the  differences  between  the  spectral 
levels  reported  by  the  Swallow  floats  and  the  sonobuoys.  The  simultaneous  calibration  of  the  two  sets  of 
instruments,  to  be  conducted  in  Hotham  Sound  possibly  sometime  this  year,  will  certainly  help  answer 
some  of  the  questions.  However,  these  preliminary  results  indicate  that  the  sonobuoys  are  contaminated  by 
flow  noise  below  10  Hz.  Evidence  for  this  is  that  the  frequency  dependence  of  the  Swallow  float-sonobuoy 
spectral  difference  plots  is  about  that  expected  for  flow  noise  (see  parts  g  and  h  of  this  section),  and  the 
midwater  Swallow  float-OBS  spectral  difference  plots  show  comparable  spectral  levels  for  the  derived 
pressure-hydrophone  and  the  vertical  geophone  axes  except  at  the  float  rocking  frequency  of  about  0.5  Hz. 
Above  10  Hz,  the  Swallow  floats  and  the  sonobuoys  report  about  the  same  spectral  levels  if  the  levels  from 
the  two  sonobuoys  ore  averaged. 


0  Spectral  Differences  between  the  OBS  Hydrophones  and  the  Sonobuoys 

The  OBS  hydrophone-sonobuoy  spectral  difference  plots.  Figures  V.91  through  V.lOO,  show  results 
similar  to  those  discussed  in  the  previous  paragraph.  A  slight  modification  might  be  that,  using  the  highest 
quality  hydrophone  data  set  collected  by  the  regular  OBS  hydrophone  on  instrument  04,  the  spectral  differ¬ 
ence  (Figuies  V.93  and  V.lOO)  has  a  frequency  dependence  of  approximately  1  dB/Hz  for  frequencies 
greater  than  2  Hz. 


g)  Spectral  Differences  between  a  Descending  Swallow  Float  and  One  at  Depth 

In  order  to  get  some  idea  of  the  effects  on  recorded  noise  levels  of  water  flow  around  the  Swallow 
floats,  spectral  differences  were  calculated  between  data  taken  by  float  2  while  it  descended  to  depth 
(records  200, 400,  600,  and  800)  and  data  it  recorded  much  later  in  the  May  deployment  (record  1530). 
These  plots  are  shown  in  Figures  V.lOl  through  V,104,  At  record  200,  the  float  was  descending  at  a  rate  of 
0.08  m/sec;  in  record  400,  at  a  rate  of  O.OS  m/s«;  in  record  6(X},  0.03  m/sec;  and  at  rate  of  0.0004  m/sec  in 
record  800.  In  record  1530,  the  float  was  no  longer  descending  in  the  water  column,  but  some  small  rela¬ 
tive  flow  may  have  existed  due.  for  example,  to  propagating  internal  waves.  The  geophone  signals  on  the 
horizontal  axes  are  clipped  in  records  200  and  400;  the  clipping,  among  other  things,  causes  increased  lev¬ 
els  above  21  to  22  Hz.  Note  that  float  rocking  at  0.5  Hz  is  surongly  excited  when  relative  flow  is  present, 
even  on  the  vertical  geophone  axis.  A  secondary,  rocking-induced  peak  at  about  1  Hz  is  also  present  on  the 
horizontal  axes. 

The  important  feature  to  note  from  these  plots  is  that  the  frequency  dependence  of  flow  noise  con¬ 
tamination  in  the  Swallow  float  spectra  is  akin  to  that  shown  by  the  spectral  differences  between  the  Swal¬ 
low  floats  and  the  sonobuoys  in  part  c  of  this  section.  The  plots  of  the  z  axes’  spectral  differences  in  Fig¬ 
ures  V.lOl  and  V.102  and  the  Swallow  float-sonobuoy  spectral  differences  in  Figure  V.80  have  a  similar 
shape,  apart  from  the  float  rocking  resonances  below  1  Hz. 
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h)  Spectral  Differences  between  a  Descending  Swallow  Float  and  the  Sonobuoys 

To  further  Illustrate  the  point  made  in  the  previous  paragraph,  spectral  estimates  uiken  during  record 
200  by  float  2  in  the  May  deployment  were  subtracted  from  the  spectral  estimates  from  the  April  deploy* 
mont  of  the  sonobuoys.  The  results  are  shown  in  Figures  V.IOS  through  V.108,  using  both  float  2’s  derived 
pressure  spectral  estimate  and  the  float’s  vertical  axis  spectral  estimate  (where  clipping  was  not  occurring) 
as  reference.  Figure  V.IOS  shows  the  remarkable  agreement  between  float  2’s  derived  pressure  spectral 
estimate  when  the  relative  flow  was  about  0.08  m/sec  and  sonobuoy  20’s  spectral  estimate  in  the  frequency 
range  of  3  to  20  Hz.  Above  20  Hz,  float  2’s  spectrum  is  contaminated  due  to  signal  clipping,  and  below  3 
Hz,  another  effect  appears  to  become  dominant.  Note  that  the  sharp  increase  in  the  spectral  difference 
below  3  Hz  is  interrupted  by  the  two  troughs  at  about  0.5  and  1  Hz  which  are  caused  by  float  rocking.  The 
overall  impression  gotten  from  these  plots  is  that  the  sonobuoy  data  appear  to  be  flow  contaminated. 
Sonobuoy  tether  strumming  may  be  present,  which  may  cause  the  change  in  the  spectral  difference  slope 
below  3  Hz. 


i)  Spectral  Differences  between  Swallow  Float  Data  in  April  and  in  May 

The  final  plots  of  this  section.  Figures  V.109  through  V.l  14,  compare  the  ambient  noise  spectral  lev¬ 
els  recorded  by  the  midwater  Swallow  floats  in  the  April  deployment  with  those  recorded  in  May.  Both 
sets  of  data  which  are  compared  were  written  during  the  early  morning  hours  of  the  two  deployments, 
when  the  research  vessel  which  deployed  the  Swallow  floats  was  far  from  the  float  array.  However,  as 
mentioned  previously,  the  research  vessel  the  Melville  remained  close  to  the  Swallow  float  array  for  most 
of  the  April  deployment  [1].  This  is  the  main  reason  for  the  appearance  of  the  spectral  difference  plots. 
The  ship-generated  peaks  at  about  9  Hz,  between  15  and  20  Hz,  and  at  23  Hz  are  especially  predominant 
on  the  vertical  axes,  indicating  that  the  ship  wasn't  too  far  from  overhead.  The  difference  in  deployment 
depths,  in  April  the  floats  were  ballasted  to  400  meters  and  in  May  they  were  deployed  at  around  1800 
meters,  may  have  also  contributed  to  the  S-to-lO  dB  increase  above  5  Hz  in  April’s  derived  pressure  spec¬ 
tral  levels  versus  those  in  May. 
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VI.  Coherence  Squared  Estimates 

The  coherence  function  is  akin  to  a  normatized  cross  correlation  function  done  on  a  per  frequency 
basis.  The  magnitude  squared  of  the  coherence  function  estimates  is  presented  in  this  section  since  it  is  an 
easily  interpretable  quantity:  it  represents  the  fraction  of  the  power  in  one  time  series  which  is  due  to  the 
power  in  another  time  series  at  a  given  frequency  (4].  First,  the  estimates  are  presented  between  sensors  of 
the  same  type,  followed  by  the  inter<sensor  estimates. 


a)  Coherence  Squared  Estimates  between  Two  Midwater  Swallow  Floats 

The  coherence  squared  estimates  between  two  midwater  Swallow  floats  are  shown  in  Figures  VI.  1 
through  VI.9.  The  estimates  were  made  by  decomposing  43.52  seconds  of  data  in  a  record  into  sixteen 
5. 12-second  segments  overlapped  by  50  %.  This  segment  duration  is  half  that  used  in  the  spectral  esti¬ 
mates  of  Section  IV  so  that  more  averaging  could  be  done.  The  segments  were  windowed  with  a  Kaiser- 
Bessel  window  of  a  equal  to  2.5,  Fourier  transformed,  and  then  incoherently  averaged  to  obtain  the  cross- 
and  auto-spectral  estimates  needed  to  caiculate  the  coherence.  Assuming  the  sixteen  averages  are  indepen¬ 
dent,  then  if  the  true  coherence  squared  is  actually  zero,  the  estimate  will  be  greater  than  0.3  less  than  10  % 
of  the  time. 

The  coherence  squared  estimates  between  the  functioning  midwater  Swallow  floats  in  April  are 
presented  in  Figures  VI.l  through  VI.3.  The  time  chosen  for  processing,  record  930,  was  written  after  clip¬ 
ping  due  to  the  TNT  explosion  in  record  929  ami  before  ship-generated  clipping  in  record  931.  As  men¬ 
tioned  previously,  both  OBS  event  107  and  sonobuoy  time  19:31  were  written  during  this  time. 

No  relative  offsets  between  the  Swallow  floats*  time  bases  have  been  made  prior  to  calculating  the 
coherences.  The  inter-float  8  kHz  ping  data  [1]  indicate  that  the  relative  float  clock  drifts  were  small,  espe¬ 
cially  between  floats  0  and  1,  and  between  floats  3  and  5.  Adjustments  to  the  time  base  alignments  will  be 
made  once  the  floats  have  been  localized  since  inter-float  ping  arrival  differences  can  be  used  to  estimate 
relative  clock  drift  However,  it  appears  that  the  present  coherence  squared  estimates  are  probably  well 
within  90  %  of  their  maximum  value. 

The  coherence  between  two  vertical  geophone  axes  can  be  quite  large  at  certain  frequencies.  The 
peaks  at  17  and  23  Hz  are  the  most  prominent,  appearing  on  many  of  the  other  inter-component  comparis¬ 
ons  as  well,  but  other  peaks  at  12  Hz,  20  Hz,  and  22  Hz  occur  frequently.  In  the  coherence  squared  plots 
between  two  horizontal  components,  the  23  Hz  peak  also  occurs,  but  the  17  Hz  peak  is  not  at  all  prominent. 
Rather,  a  very  large  peak  occurs  at  18  Hz,  notably  between  floats  3  and  5.  This  difference  between  the 
vertical-component  coherences  and  the  horizontal-component  coherences  is  somewhat  surprising.  These 
peaks  in  the  plots  are  assumed  to  be  due  to  coherent  arrivals  from  the  Narnigansett.  (Melville-generated 
noise  may  also  contribute  to  the  large  coherences;  however,  the  Melville  was  about  8.6  km  from  the  Swal¬ 
low  float  array  during  this  time  whereas  the  Norragansett  was  about  2.1  km  away).  In  addition,  significant 
coherences  can  exist  between  two  horizontal  axes  in  the  4  to  12  Hz  frequency  range. 

Large  coherence  squared  estimates  can  occur  around  0.5  Hz,  especially  between  floats  3  and  S  as 
seen  in  Figures  VI.3i  through  VI.3k.  This  is  most  likely  due  to  tape-recorder-induced  float  rocking;  the 
first  3  seconds  of  the  record,  which  are  the  most  strongly  affected  by  rocking,  were  not  skipped  so  that  an 
average  of  sixteen  segments,  each  256  points  long,  could  be  made.  However,  the  noise  from  the  Narragan- 
sett  may  also  contribute:  spectral  lines  at  0.2  and  0.9  Hz  were  identified  in  the  ship's  noise  field  using  a 
Clevite  hydrophone  and  a  General  Radio  spectrum  analyzer.  The  excitation  of  float  rocking  due  to  acoustic 
arrivals  is  presently  under  investigation. 

The  coherence  squared  estimates  between  inter-midwater-Swallow-float  data  collected  in  May,  1987, 
in  record  1530,  are  shown  in  Figures  VI.4  through  VI.9.  These  data  were  collected  near  daybreak  of  6 
May.  The  coherences  are,  in  general,  much  lower  than  in  the  April,  record  930,  data  due  to  the  lack  of  an 
identifiable  coherent  noise  source.  A  comparison  of  float  2‘s  x  axis  with  float  3's  y  axis.  Figure  VI.4i, 
shows  a  broad,  significant  level  of  coherence  between  4  and  15  Hz.  A  few  peaks  of  significant  coherence, 
at  9, 10, 12, 12.5, 17,  and  18  Hz,  often  appear. 


•15. 


b)  Coherence  Squared  Estimates  between  Two  Ocean  Bottom  Seismometers 


Figures  VI.  II  through  VI.24  display  the  coherence  between  the  ocean  bottom  seismometer  geophone 
and  hydrophone  components  in  the  April,  event  107,  data.  The  results  for  the  inter-hydrophone  comparis¬ 
ons  probably  should  be  ignored  until  further  {xocessing  to  remove  the  spike  contamination  is  done.  The 
plots  have  half  the  frequency  resolution  of  the  Swallow  float  coherence  plots;  since  event  107  was  only  29 
seconds  long,  the  segment  length  was  decreased  to  2.56  seconds,  allowing  for  an  average  of  21  FFTs  with 
SO  %  overlap.  Because  of  the  shorter  segment  length,  the  coherence  estimates  are  mwe  strongly  affected 
by  time  base  offsets.  The  table  in  Figure  VI.  10  gives  the  seconds  and  milliseconds  of  the  starting  recording 
times  of  the  OBS  events  in  April  and  May  in  order  to  determine  the  magnitudes  of  the  relative  time  base 
offsets.  For  most  of  the  inter-OBS  comimrisons,  the  offset  is  small,  reducing  the  coherence  squared  by  less 
than  10  %.  In  some  cases,  e.g.  between  OBS  04  and  08  and  between  OBS  08  and  13,  the  time  difference  is 
significant.  Taking  the  relative  offset  into  account  can  have  a  dramatic  effect  in  these  cases;  aligning  the 
time  bases  of  OBS  04  and  OBS  08  causes  a  large  increase  in  coherence  between  the  two  vertical  geophone 
axes  below  6  Hz  (Figure  VI.18  versus  VI.17),  but  the  alignment  of  OBS  08  and  OBS  13  time  bases  results 
in  a  decrease  in  coherence  below  6  Hz  on  the  vertical  components  (Figure  VI.24  versus  Figure  VI.23). 


The  most  dramatic  aspect  of  the  coherence  function  between  two  ocean  bottom  seismometers  is  the 
large  coherence  squared  values  (greater  than  0.8)  below  6  Hz  on  the  inter-vertical-geophone-component 
plots.  For  noise  sources  modeled  as  isotropic,  independent,  homogeneously-distributed  point  sources  radi¬ 
ating  into  an  isotropic,  homogeneous  medium,  the  spatial  correlation  function  has  the  form, 


where  x  is  the  inter-element  spacing  and  1;  is  the  wave  number  component  in  the  direction  of  x.  The  close 
spacing  of  the  instruments  in  the  array  can  therefore  contribute  to  the  large  coherences  at  the  lowest  fre¬ 
quencies.  The  large  coherences  may  also  be  a  result  of  a  concentrated  ambient  noise  source;  Prof.  Dorman 
has  proposed  that  a  sediment  pond  near  the  study  site  may  have  allowed  ambient  noise  created  near  the 
ocean  surface  to  be  coupled  into  Scholte  wave  energy  in  the  ocean-sediment-interfacc  waveguide.  The  hor- 
izonutl  geophone  components  generally  do  not  show  a  corresponding  large  coherence  at  the  low  frequen- 
cies,  except  for  the  x  axes  of  OBSs  01  and  02,  Figure  11.  This  is  probably  indicative  of  the  large  variation 
in  spectral  levels  on  the  horizontals,  as  discussed  in  Section  IV,  although  the  fact  that  the  horizontal  com¬ 
ponents  are  non-rotuted  also  contributes  to  lower  coherences. 


The  horizontal  component  comparisons  do  show  significant  coherence  squared  levels,  mostly  above 
IS  Hz.  The  peak  around  23  Hz,  also  seen  on  the  midwater-S wallow-float  coherence  plots,  is  striking. 
Peaks  at  19  and  22  Hz  appear  commonly. 

The  coherence  squared  estimates  for  the  OBS  data  in  May,  Figures  VI.2S  through  VI.3S  for  event 
311  and  Figures  VI.36  through  VI.48  for  event  315,  again  show  the  large  coherences  on  the  vertical  com¬ 
ponent  comparisons  below  6  Hz.  The  x-axis  versus  x-axis  coherences  can  many  times  also  show 
significant  coherences  below  6  Hz.  The  reason  why  large  coherences  below  6  Hz  appear  on  the  x-axes 
comparisons  and  not  on  the  y  axes  plots  is  not  yet  understood.  A  coherence  peak  at  12.5  Hz  appears  often 
in  the  plots  for  event  315,  as  it  did  in  the  midwater  Swallow  float  plots. 

Note  that  the  coherence  squared  estimates  for  May  were  calculated  using  the  same  procedure  fol¬ 
lowed  in  the  Swallow  float  coherence  function  estimation,  i,e.  sixteen  5.12-second  segments  were  FFT’d 
and  averaged. 


c)  Coherence  Squared  Estimates  between  Two  Sonobuoys 

Following  the  procedure  used  in  the  Swallow  float  coherence  function  estimation,  the  coherences 
between  the  two  sonobuoys,  channels  20  and  21,  were  estimated.  The  results  for  four  consecutive  minutes, 
19:29  through  19:32,  are  presented  in  Figures  VI.49  and  VI.50.  Time  19:31  corresponds  to  Swallow  float 
record  930  and  to  OBS  event  107.  Rentarkably,  none  of  the  coherence  squared  plots  show  significant 
coherence,  except  at  0  Hz  and  maybe  at  2  Hz,  even  though  TNT  explosions  arrived  in  19:29  and  19:30 
(Figures  11.15  and  11.16)  and  the  Narragansett  was  close  enough  to  cause  large  coherences  between  the 
midwater  Swallow  floats  (Section  Via).  Since  all  the  ship-launched  sonobuoys’  data  were  recorded  using 
the  same  time  base,  relative  time  offsets  could  not  occur.  The  time  offsets  due  to  a  difference  in  path 
length  from  a  source  to  the  two  sonobuoys,  as  mentioned  in  Section  III,  does  not  appear  to  be  sufficiently 
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largo  to  account  for  the  lack  of  coherence.  No  explanation  for  the  low  coherences,  except  for  poor  quality 
data  (re  the  intermittent:  down-going  spikes  in  sonobuoy  20's  time  series;  Figures  IMS  and  11.16),  is  Imown 
at  this  time.  The  analysis  of  more  digitized  data  from  the  other  functioning  sonc^uoys  in  April  will  provide 
a  better  basis  for  drawing  conclusions. 


d)  Coherence  Squared  Estimates  between  a  Midwater  Swallow  Float  and  an  OBS 

The  coherence  squared  estimates  between  data  recorded  by  the  midwater  Swallow  floats  and  the 
ocean  bottom  seismometers  in  April,  1987,  are  shown  in  Figures  VI.Sl  through  VI.63.  The  first  sample  of 
the  Swallow  float  data  segments  was  recorded  7.S  seconds  after  the  beginning  of  record  930;  these  data 
were  recorded  at  the  same  time  as  OBS  event  107.  The  procedure  for  calculating  the  coherence  estimates 
was  identical  to  that  used  in  making  the  coherence  estimates  between  two  ocean  bottom  seismometers’  data 
in  event  107  (Section  VIb). 

The  largest  coherence  squared  estimates  in  Figures  VI.S1  through  VI.63  consistently  occur  when  the 
data  from  the  vertical  axis  of  the  Swallow  float  geophones  are  compared  to  the  OBS  data  (i.e.  in  those 
figures  whose  figure  number  is  appended  with  a  "k").  In  these  comparisons,  peaks  of  significant  coherence 
occur  at  17, 22,  and  especially  23  Hz;  peaks  also  sometimes  occur  around  14  and  19  Hz.  A  peak  at  11  Hz 
appears  quite  often  when  the  Swallow  floats*  vertical  axes  are  compared  to  the  OBSs’  vertical  axes;  a  peak 
at  about  12  Hz  sometimes  occurs  when  the  floats*  vertical  axes  are  compared  to  the  OBS  hydrophone  data. 
Note  that  the  high  level  of  coherence  seen  in  the  inter-OBS  comparison  plots  at  frequencies  below  6  Hz  is 
not  present  in  these  figures. 

Some  peaks  of  significant  coherence  appear  when  the  horizontal  axes’  data  from  the  Swallow  floats 
arc  compared  to  the  OBS  data,  noteably  at  17, 18,  and  23  Hz.  The  peak  at  23  Hz  is  especially  dominant  in 
Figure  61. i,  where  the  x  axis  of  float  2  is  compand  to  OBS  04  data.  It  does  not  appear  in  the  comparison 
of  float  2’s  y  axis  data  with  that  of  OBS  04,  in  Figure  61.j.  Therefore,  the  level  of  significance  of  the 
coherence  p^s  when  the  insuuments’  horizontal  axes  are  involved  is  probably  dependent  upon  the  axes’ 
spatial  orientation. 


e)  Coherence  Squared  Estimates  between  a  Midwater  Swallow  Float  and  a  Sonobuoy 

Finally,  Figures  VI.64  through  VI.67  show  the  coherence  squared  estimates  between  the  midwater 
Swallow  floats  and  the  sonobuoys.  The  coherence  is  insignificant  across  the  frequency  band  plotted,  as 
expected  from  the  low  coherences  in  the  inter-sonobuoy  comparisons  in  Section  VIc.  Again,  as  in  Section 
Vic,  the  explanation  for  low  coherence  cannot  be  time  base  misalignment;  both  the  Swallow  floats  and  the 
sonobuoys  record  clearly  the  two  TNT  shots,  #4  and  #5  [1],  whose  arrival  times  can  be  used  to  align  the 
instruments’  time  series  (Section  III). 
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Appendix  •  Calibration  Curves 

Calibration  curves  for  the  five  types  of  transducers  installed  on  the  three  sets  of  instruments,  includ¬ 
ing  the  effects  of  amplifiers  and  anti-aiiasing  and  notch  filters,  are  plotted  in  this  appendix.  The  curves  for 
the  Swallow  float  geophone  channels  (in  Figure  Al).  the  OBS  geophone  channels  (in  Figure  A2),  the  regu¬ 
lar  OBS  hydrophone  channel  (in  Figure  A3},  and  the  Cox-type  differential  pressure  transducer  channel  (in 
Figure  A4),  have  been  presented  elsewhere  (see  Appendix  1  of  [1]  or  [2],  Appendix  3  of  [2],  and  the  list  of 
references  in  [2]).  Again,  note  that  no  correction  for  the  coupling  between  the  ocean  bottom  seismometers 
and  the  sediment  has  been  included. 

The  calibration  curve  for  sonobuoy  20  is  given  in  Figure  A5.  Each  sonobuoy  has  its  own  calibration 
curve,  but  the  curves  differ  by  less  than  a  dB  in  the  frequency  band  of  interest  here.  The  calibration  curve 
was  derived  from  amplitude  calibration  data  at  5, 10,  and  30  Hz  provided  by  the  Naval  Air  Development 
Center.  A  quadratic  interpolation  using  these  tluree  daui  points  was  used  to  create  the  calibration  curve 
above  S  Hz.  Below  S  Hz,  the  curve  was  empirically  derived  from  the  data,  which  is  known  to  be  contam¬ 
inated  by  system  noise  [Jim  McEachem;  private  communication].  Therefore,  sonobuoy  spectral  levels 
reported  in  Section  IV  below  S  Hz  are  only  approximate. 


OBS  Events  and  Swallow  Float  Records  Aprili  May  1987 


(Times  are  in  local  Pacific  Daylight  Time:  add  7  hours  to  get  OMT), 


OBS 

Date  Approx  Time  0u':min) 

Duration  of 

Swallow  Float 

Event 

of  First  Sample 

Event  (sec) 

Record  No.  (@) 

073 

4-22 

11:01 

179 

250  (+10  sec) 

083 

* 

4-22 

14:01 

179 

490  (+ 10  sec) 

087 

Hr 

4-22 

14:31 

179 

530  (+10  sec) 

088 

* 

4-22 

14:46 

179 

530  (+10  sec) 

097 

4-22 

17.01 

179 

730  (+10  sec) 

105 

4-22 

19:01 

29 

890  (+10  sec) 

106 

4-22 

19:16 

29 

910  (+10  sec) 

107 

4-22 

19:31 

29 

930  (+10  sec) 

108 

4-22 

19:46 

29 

950  (+10  sec) 

109 

4-22 

20:01 

29 

970  (+10  sec) 

no 

4-22 

20:16 

29 

990  (+10  sec) 

111 

4-22 

20:31 

29 

1010  (+10  sec) 

112 

4-22 

20:46 

29 

1030  (+ 10  sec) 

113 

4-22 

21:01 

29 

1050  (+10  sec) 

114 

4-22 

21:16 

29 

1070  (+10  sec) 

115 

4-22 

21:31 

29 

1090  (+ 10  sec) 

116 

4-22 

21:46 

29 

1110  (+10  sec) 

117 

4-22 

22:01 

29 

1130  (+10  sec) 

118 

4-22 

22:16 

29 

1150  (+10  sec) 

119 

4-22 

22:31 

29 

1170  (+10  sec) 

120 

4-22 

22:46 

29 

1190  (+10  sec) 

121 

4-22 

23:01 

179 

1210  (+ 10  sec) 

133 

m 

4-23 

02:01 

179 

1450  (+10  sec) 

143 

4-23 

05:01 

,  179 

1690  (+10  sec) 

157 

It 

4-23 

08:01 

179 

1930  (+10  sec) 

3-3 

179 

88  (+25  sec) 

« 

5-5 

14:01 

179 

328  (+  25  sec) 

311 

3-5 

179 

568  (+  25  sec) 

312 

3-5 

20:01 

179 

808  (+25  sec) 

313 

5-5 

179 

1048  (+  25  sec) 

314 

3-6 

179 

1288  (+  25  sec) 

315 

5-6 

05:01 

179 

1528  (+  25  sec) 

316 

5-6 

179 

1768  (+  25  sec) 

317 

5-6 

11:01 

179 

2008  (+25  sec) 

(*)  These  events  were  only  recorded  by  instruments  3  and  6. 

(@)  These  times  were  gotten  after  aligning  the  time  bases  of  the  Swallow  floats  with  the  OBSs  (re 
Section  III).  In  April,  the  OBS  lime  base  records  the  time  of  Swallow  float  synchronization  as  07:33:20, 22 
April;  in  May,  the  time  of  Swallow  float  synchronization,  according  to  the  OBS  time  base,  was  09:34:33, 3 
May. 


Table  i 


Addendum  1:  Aligning  the  Swaliow  Float  and  OBS  Time  Bases  in  May,  1987 


The  recording  by  the  Swallow  floats  of  the  P  wave  arrival  from  an  earthquake  in  the  Aleutian  Islands 
during  the  May,  1987  deployment  [1]  has  resulted  in  a  cmrection  to  the  alignment  of  the  time  bases  of  the 
Swallow  floats  and  the  ocean  bottom  seismometers  for  this  experiment  (re  Section  ItLii  of  this  report). 
Using  the  origin  time  of  the  magnitude  6.3  earthquake,  gotten  ^m  the  May,  1987  monthly  listing  of  the 
"Preliminary  Determination  of  Epicenters”  by  the  National  Earthquake  Information  Center,  and  a 
standard-ea^-model-based  computer  program  to  calculate  the  travel  time,  the  predicted  time  of  arrival  of 
the  P  wave  at  the  Swallow  float^BS  study  site  (32.5®  N,  120.5*  W)  is  21:14:42  local  time.  The  P  wave 
arrival  is  clearly  recorded  on  the  vertical  components  of  all  midwater  Swallow  float  geophones  at  about  43 
seconds  into  record  905.  This  implies  that  the  Swallow  float  synchronization  time  according  to  the  world¬ 
wide  standard  time  base  was  09:55:14  on  5  May,  or  39  seconds  after  the  time  deduced  in  Section  III.ii. 
The  assumption  in  Section  ni.ii  that  the  arrival  in  event  313  of  the  OBS  data  corresponded  to  the  ship¬ 
generated  arrival  in  record  1048  of  the  Swaliow  float  data  must  have  been  incmtect.  A  further  search  of 
the  time  series  has  resulted  in  the  identification  of  three  small  arrivals  on  the  z  axes  of  OBSs  5  and  6  during 
event  316  which  correspond  to  arrivals  in  Swallow  float  records  1767  through  1770  [1].  The  time  base 
alignment  using  these  sets  of  arrivals  is  qualitatively  consistent  with  the  alignment  using  the  Aleutian 
Islands  earthquake  P  wave  arrival,  assuming  that  the  ocean  bottom  seismometer  time  base  is  approximately 
(within  a  few  seconds)  the  same  as  the  worldwide  standard  time  base.  Efforts  are  presently  in  progress  to 
quantitatively  align  the  time  bases  using  these  arrivals.  The  recording  in  the  Swallow  float  data  of  the  P 
wave  arrival  from  an  earthquake  in  Honshu.  Japan  during  the  April,  1987  experiment  has  verified  the  Swal¬ 
low  float/OBS  time  base  offset  determined  in  Section  in.i;  the  P  wave  arrival  time  measured  in  the  Swal¬ 
low  float  data  and  corrected  for  the  time  base  offset  agrees  within  one  second  of  the  predicted  standard- 
earth-model-based  arrival  time  [1]. 


Addendum  2;  Correction  to  the  Swallow  Float  Calibrated  Spectra 

Recent  calibration  measurements  of  the  Swallow  float  geophone  signal  conditioning  electronics  have 
determined  that  seven  RC  circuits  in  the  system,  previously  assumed  to  have  an  insignificant  effect  in  the 
frequency  band  of  interest,  actually  have  a  noticeable  effect  on  the  calibration  curve,  and  thus  the  cali¬ 
brated  Swallow  float  geophone  spectra  [2].  Below  is  a  plot  showing  the  amount  to  be  added  to  the  Swal¬ 
low  float  spectra  presented  in  this  report  in  order  to  obtain  the  true  calibrated  spectral  levels. 


[1]  G.  L.  D’Spain  and  W.  S.  Hodgkiss,  "Earthquake  arrivals  in  the  Swallow  float  data"  Marine  Physical 
Laboratory,  Scripps  Institution  of  Oceanography,  San  Diego,  CA  (in  preparation). 

[2]  G.  L.  D’Spain,  G.  L.  Edmonds,  and  W.  S.  Hodgkiss,  "Calibration  of  the  Swallow  float  VLF  data 
acquisition  system"  Marine  Physical  Laboratory.  Scripps  Institution  of  Oceanography,  San  Diego, 
CA  (in  preparation). 
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Figure  I.l 
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Figure  1.2 
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Figure  1.3 


®-0  5.0  10.0  15.0  20.0  25.0 


Float  0,  April,  1937  Trip  -  records  547-558  (x-oxis) 
vertical  axis  scale  is  apprax.  -1.0  ta  1.0  volts 
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Figure  II. li 
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Figure  II. Ij 


Float  0,  Plprfl,  1987  Trip  -  records  547-558  (z-oxxs) 
vertical  axis  scale  is  opprax.  -1.0  ta  1.0  valts 


Figure  II. Ik 


Float  1,  Rpril,  1987  Trip  -  records  547-558  (x-oxis) 
vertical  axis  scale  is  approx.  -1.0  to  1.0  volts 
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Figure  II.2i 
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Figure  II.2j 


Float  1.  Rpril,  1987  Trip  -  records  547-558  (z-oxis) 
vertical  axis  scale  is  approx.  -1.0  to  1.0  volts 
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Figure  n.2k 


Float  2,  April,  1987  Trip  -  records  547-558  (x-oxis) 
vertical  axis  scale  is  approx.  -1.0  to  1.0  volts 
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Figure  11.31 
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Figure  II. 3j 


loot  2,  1987  Trip  -  records  547-558  (z-oxis) 

ertical  axis  scale  is  approx.  -1.0  to  1.0  volts 


Float  3,  April,  19Q7  Trip  -  records  547-558  (x-oxis) 
vertical  axis  scale  is  approx.  -1.0  to  1.0  volts 


Figure  II. 4i 


h loot  3,  April,  1987  Trip  -  records  547-558  (z-axis) 
vertical  axis  scale  is  approx.  -1.0  to  1.0  volts 


Figure  II. 4k 
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vertical 
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Figure  II. 5i 


Float  5  April .  1987  Trip  -  records  547-558  (u-oxis) 
vertical  axis  scale  is  approx.  -1.0  to  1.0  volts 
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Figure  Il.Sj 


Floot  5,  fipril,  1987  Trip  -  records  547-558  (z-axis) 
vertical  axis  scale  is  approx.  -1.0  to  1.0  volts 
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Figure  II.5k 


Float  0,  April,  1987  Trip  -  records  927-938  (x-oxis) 
vertical  axis  scale  is  approx.  -1.0  to  1.0  volts 
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Figure  II. 6i 
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Figure  II.7i 
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Figure  II.7j 
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Figure  Il.Sj 
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Figure  II.9i 
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Figure  II.Qj 
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Figure  II.9k 
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Figure  Il.lOi 


Float  5,  April,  1987  Trip  -  records  927^938  (u-oxis) 
vertical  axis  scale  is  approx.  -1.0  to  1.0  volts 
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Figure  Il.lOj 
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Figure  II. 10k 


OBS  05,  fiprfl,  1987  Trip  -  events  087  and  088  (x_axis) 
max  gain -corrected  amplitude  is  4.086298  counts 
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Figure  II. Hi 


0B5  05,  April,  1987  Trip  -  events  087  and  088  (z_axis) 
max  gain-corrected  amplitude  is  1126.000  counts 


Figure  11. Ilk 
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Figure  II. Ill 


06,  April,  1987  Trip  -  ev^its  087  orwi  088  6<_axis) 
gain-corrected  amplitude  is  4.086298  counts 


Figure  11.131 


OBS  01,  April,  1987  Trip  -  events  105  ihrouc^  112  (uoxis) 
max  go  in -corrected  amplitude  is  4.583784  counts 
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Figure 


Figure  11. 13k 


Figure 
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Figure  II.14j 


0B5  02,  April,  1987  Trip  ~  events  105  through  112  (z_cixis) 
max  gain-corrected  amplitude  is  1.816180  counts 


Figure  II. Mk 


Figure  Il.lSj 


Figure  11.151 
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Figure  Il.l6i 


035  05,  April,  1987  Trip  -  events  105  through  112  (y_axis) 
max  ^in-corrected  amplitude  is  3.262212  counts 
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Figure  II.16j 


CBS  05,  April,  1987  Trip  -  events  105  through  112  (z.oxis) 
max  gain-corrected  amplitude  is  1036.025  counts 
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Figure  Il.lCk 
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0B5  06,  April,  1987  Trip  -  events  105  through  112  6(_axis) 
max  gain-corrected  amplitude  is  3.414108  counts 
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Figure  IM7j 


110 


OBS  06,  fipril,  1987  Trip  ■  events  105  through  112  (z_axis) 
max  go  in -corrected  amplitude  is  1012.101  counts 
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Figure  II. 17k 


5  fipril,  1987  Trip  ■  evenls  105  ihroi^  112  ( 
X  gain-corrected  amplitude  is  54.57607  counts 


Figure  Il.lSi 
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Figure  11.18k 
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Figure  11.181 


12,  April,  1987  Trip  -  events  105  through  112  (x_axis) 
gain-corrected  amplitude  is  4.635409  counts 
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12,  April,  1987  Trip  -  events  105  through  112  (y_axis) 
gain-corrected  amplitude  is  5.207046  counts 


ig  $  &  s  s 

^4 

|aA8[  ^aUUOLjD  p8ZJJDUJJ0[sJ 


Figure  Il.lOj 
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OBS  12,  Rprii,  1987  Trip  “  events  105  thrcxjc^  112  (pressure) 
max  gain -corrected  amplitude  Is  0.846786  counts 


Figure  11.191 
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Figure  II.20i 


OBS  13,  Rpril,  1987  Trip  -  events  105  through  112  (y_axis) 
max  gain-corrected  amplitude  is  5.172044  counts 
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Figure  II.20j 


Figure  II. 20k 
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Figure  II.21i 
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Figure  II,21j 


OBS  14,  Rpril,  1987  Trip  -  evenis  105  through  112  (z_axis) 
mox  gain-corTected  ampliiude  is  3.235771  counts 
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Figure  II.21k 
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Figure  11.22 
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Figure  11.23 
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Figure  II,24i 


Figure  II.24j 
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Figure  II.25i 


Float  2,  Moy,  1987  Trip  -  records  1044-1055  (y-oxis) 
vertical  axis  scale  is  approx.  -1.0  to  1.0  volts 
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Figure  II.25j 


Float  2.  May,  1967  Trip  -  records  1044-1055  (z-oxis) 
vertical  axis  sixile  is  cpprox.  “1.0  to  1.0  volts 
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Figure  II.26i 
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Figure  11.271 


Figure  II.27j 


Float  4.  May,  1987  Trip  -  reccrds  1044-1055  (z-axis) 
vertical  axis  scale  is  approx.  -1.0  to  1.0  volts 
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Figure  11.281 
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Figure  II.28j 


Float  7,  Mou,  1987  Trip  -  records  1044-1055  (z-oxis) 
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Figure  n.28k 
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Figure  II.29i 


Float  8,  May,  1987  Trip  -  records  960-971  (y-oxis) 
vertical  axis  scale  is  approx.  -1.0  to  1,0  volts 
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Figure  I1.29j 


Float  8,  Mou,  1987  Tri 


Figure  II. 29k 
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Figure  II.30i 


313 


OBS  01,  May,  1987  Trip  -  events  311  and  313  (ujaxis) 
max  gain-corrected  amplitude  is  0.341190  counts 
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Figure  II.30j 
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C65  01,  May,  1987  Trip  -  evenls  311  and  313  (z_axis) 
max  gain-correci&d  omplflude  is  0.788129  counts 
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Figure  11.30k 
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Figure  II.31i 
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Figure  II.31j 


0B5  02,  May,  1987  Trip  -  events  311  and  313  (z_axis) 
max  gain-corrected  ar^iitude  is  0.792119  counts 
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Figure  II.32i 


0B5  04,  1987  Trip  -  events  311  and  313  (y_axis) 

max  gain -corrected  amplitude  is  0.504801  counts 
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Figure  II.32j 
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Figure  II.32k 


OBS  05,  May,  1987  Trip  -  events  311  and  313  (x_axls) 
max  gain -corrected  amplitude  is  3.968577  counts 


Figure  II.33i 


OBS  06,  May,  1987  Trip  -  events  311  and  313  (y_axis) 
max  gain-corrected  amplitude  is  3.286197  counts 
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Figure  II.34j 


OBS  06,  May,  1987  Trip  -  events  311  and  313  (z_axis) 
max  gain-corrected  amplitude  is  4.088293  counts 
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OBS  08,  May,  1987  Trip  -  events  311  and  313  (x_axis) 
nrax  gain-corrected  omplitucb  is  3.300164  counts 
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Figure  II.35i 


OBS  08,  May,  1987  Trip  -  events  311  and  313  (y_axis) 
max  gain-corrected  amplitude  is  3.242301  counts 
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Figure  II.35j 


0B5  08,  May,  1987  Trip  -  events  311  ond  313  (z_cixis) 
max  gain-corrected  amplitude  is  0.808081  counts 
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Figure  II.35k 
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Figure  11.351 


OBS  12,  May,  1987  Trip  -  even!  311  (x  axis) 
rrax  gain-correclecl  amplitude  is  0.  counts 
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Figure  U.36i 


12,  Mag,  1987  Trip  -  event  311  (w  axis) 
gain-corrected  amplitude  is  3.96458B  counts 


Figure  II.36j 


OBS  12,  May,  1987  Trip  -  event  311  (z  axis) 
max  ^in“CorTected  amplitude  is  0.  counts 
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Figure  II. 36k 


OBS  12,  May,  1987  Trip  -  event  311  tx'essur 
max  gain-corrected  amplitude  is  3.573S15  cam 
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Figure  11.381 


Figure  I1.37j 


Figure  11.371 
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Figure  II.38j 


OBS  14,  May,  1987  Trip  ~  events  311  and  313  (z_axis) 
max  gain-corrected  amplitude  is  0.861953  counts 
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Figure  Il.SSk 


OBS  14,  May,  1987  Trip  -  events  311  and  313  (pr 
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a/  ^  aA 


Individual  OBS  Data  Recording  Times  April, 

May  1987 

Time  (sec)  of  First  Sample  for  Each  OBS 

Event 

1 

2 

4 

5 

6 

8 

12 

13 

14 

57.057 

57.488 

56.559 

56.825 

58.441 

57.310 

57.695 

57.452 

.... 

57.054 

57.488 

56.572 

56.826 

58.470 

57.313 

57.698 

57.461 

mEM 

57.504 

57.053 

57.488 

56.576 

56.827 

58.480 

57.314 

57.699 

57.464 

106 

57.504 

57.053 

57.488 

56.577 

56.827 

58.481 

57.314 

57.699 

57.465 

107 

57.504 

57.053 

57.488 

56.577 

56.827 

58.483 

57.314 

57.699 

57.465 

108 

57.504 

57.053 

57.488 

56.578 

56.827 

58.484 

57.314 

57.699 

57.466 

109 

57.504 

57.053 

57.488 

56.579 

56.827 

58.485 

57.314 

57.699 

57.466 

110 

57.504 

57.053 

57.488 

56.579 

56.827 

58.486 

57.315 

57.700 

57.466 

111 

57.504 

57.053 

57.488 

56.580 

56.827 

58.487 

57.315 

57.700 

57.467 

112 

57.504 

57.052 

57.488 

56.580 

56.827 

58.489 

57.315 

57.700 

57.467 

113 

57.504 

57.052 

57.488 

56.581 

56.827 

58.490 

57.315 

57.700 

57.468 

114 

57.504 

57.052 

57.488 

56.581 

56.827 

58.491 

57.315 

57.700 

57.468 

115 

57.505 

57.052 

57.488 

56.582 

56.827 

58.492 

57.700 

57.468 

116 

57.505 

57.052 

57.488 

56.582 

56.827 

58.494 

57.315 

57.700 

57.469 

117 

57.505 

57.052 

57.488 

56.583 

56.827 

58.495 

57.700 

57.469 

118 

57.505 

57.052 

57,488 

56.583 

56.827 

58.496 

57.316 

57.701 

57.470 

119 

57.505 

57.052 

57.488 

56.584 

56.828 

58.497 

57.316 

57.701 

57.470 

120 

57.505 

57.052 

57.488 

56.585 

56.828 

58.498 

57.316 

57.701 

57.470 

121 

57.505 

57.051 

57.488 

56.585 

56.828 

58.500 

57.316 

57.701 

57.471 

145 

57.507 

57.049 

57.488 

56.598 

56.829 

58.529 

57.319 

57.704 

57.481 

60.609 

59.913 

60.485 

60.235 

59.887 

62.964 

60.474 

60.864 

60.955 

maam 

60.611 

« 

60.485 

60.248 

59.888 

62.994 

60.477 

60.867 

60.965 

313 

60.613 

59.907 

60.485 

60.261 

59.889 

* 

60.870 

60.975 

315 

60.615 

59.905 

60.485 

60.274 

59.891 

★ 

60.484 

60.873 

60.984 

317 

60.617 

59.902 

60.485 

60.287 

59.892 

63.082 

60.487 

60.877 

60.994 

*  For  obs  2,  event  311  was  recorded  about  42  minutes  earlier,  at  16:18  32.910, 
than  for  the  other  instruments:  for  obs  8,  event  313  was  recorded  about  12  minutes 
earlier,  at  22:48  44.022,  and  event  315  was  recorded  31  minutes  early,  at  04:30 
04.050.  The  cause  of  these  premature  recordings  of  an  event  is  thought  to  be  due 
to  misinterpretation  of  the  clock  signal. 
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Figure  VI.23 
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Figure  VI. 24 
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Coherence  Squared  between  OBS  01  and  OBS  05 

Event  311  (♦  23.0  sec)  and  Event  311  (♦  23.0  sec),  256  points 
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Figure  VI.25 


Coherencg  Squtred  between  OBS  01  and  C6S  12 

Event  311  (♦  23.0  sec)  orxl  Event  311  (+  23.0  sec),  256  points 
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Figure  VI.26 


5-00  10.00  15.00  20.00  25.00 


Coherence  Squared  between  OBS  01  and  OBS  13 

Event  311  (+  23.0  sec)  Event  311  (+  23.0  sec),  256  points 
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Figure  VI. 27 
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Figure  V1.28 
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Figure  VI. 29 
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Coherence  Squared  between  CBS  04  and  OBS  05 

Event  311  (♦  23.0  sec)  orrl  Event  311  (+  23.0  sec),  256  points 
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Figure  VI. 30 
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Figure  VI.31 
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Figure  VI. 32 
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Figure  VI.33 
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Figure  VI.34 


0.00  5.00  10.00  15.00  20.00  25.00 


28.80 


Coherence  Squcred  between  OBS  81  and  OBS  02 

Event  315  (♦  68.0  sec)  Event  316  (+  68.0  sec),  256  points 
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Figure  VI. 38 
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Coh»'ence  SquoTGd  between  OBS  01  and  C6S  05 

Event  315  (♦  68.0  sec)  Event  315  i*  68.0  sec),  256  points 


(Sep>0'<>'(\JS>9cO>OV<\JeDSaOx0^rgOCBeONOV(Nja» 

^(9«>S>»e»'^S><sic»S>CP'H<9(S>®CS»CE><Hsda>99 


d  8A  d 


A  SA  A 


pajonbs  aouajaqoQ 


Figure  VI  38 
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Coherence  Squared  between  C6S  01  and  0B5  12 

Event  315  (♦  68.0  sec)  Event  315  (♦  58.0  sec),  256  points 
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Figure  VI. 40 
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Coherence  Squared  iDeiween  CCS  01  and  OBS  14 

Event  315  (♦  68.0  sec)  and  Event  315  (+  68.0  sec),  256  points 
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Figure  VI.43 
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Figure  VI.44 
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Figure  VI. 45 
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Figure  VI. 46 
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Figure  VI. 47 
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Figure  VI. 48 
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Figure  VI.49 
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Figure  VI. 50 

Coherence  Squared  between  Swallow  ftoot  0  (x  axis)  and  06S  01 
Record  930  (+  7.500  sec),  Event  107  (+  0.0  sec),  128  points 
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Figure  Vl.Slj 
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Figure  VI. 51k 
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Figure  VI.52i 
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Figure  VI. 52k 
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Figure  VI.53i 
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Figure  VI.53j 
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Figure  VI.54i 
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Figure  VI.54j 
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Figure  Vl.SIk 
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Figure  VI.55j 
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CdiGTGnce  ^juared  batween  Swallow  floot  0  (z  axis)  and  OBS  08 
Record  930  (+  7.500  sec),  Event  107  (+  0.0  sec),  128  points 
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Figure  VI.56k 


00  00*»  00*SI  00*01  00*g  00*0 


0.08  5.00  10.60  15.00  28.00  25.00 


Coher^ice  Sqtxred  between  Swallow  float  0  (u  axis)  and  OK  12 
Record  930  (+  7.500  sec),  Event  107  (♦  0.0  sec),  128  points 
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Figure  VI.57j 
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Sallow  float  0  (z  axis)  and  OBS  12 
RbcoixI  930  T+  7.500  sgc),  Evont  107  (+  0.0  sgc),  128  points 
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Figure  VI.57k 
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Figure  VI.58j 


i 


9.08 


between  Swallow 


SA  Z 


Z  tA  Z 


A  8A  Z 


X  SA  Z 


pajonb5  aouajaLjOQ 


Figure  VI. 58k 
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Figure  VI. 59k 
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Ccjherence  Squared  between  Swallow  float  1  (x  axis)  and  OBS  04 
Record  930  l+  7.500  sec),  Event  107  {+  0.0  sec),  128  points 
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Figure  VI.60j 
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Figure  VI. 60k 
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Figure  VI.6li 
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Figure  VI.61j 
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Figure  VI.62i 
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Coheraira  Squared  between  Swallow  float  3  (y  axis)  and  OBS  04 
Record  930^  7.500  sec),  Event  107  (+  0.0  sec),  128  points 
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Figure  VI.62k 
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Figure  VI.63i 
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Figure  VI.63j 
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Figure  VI. 83k 
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Time  19^,  delay  57.3  sec,  vs  &3allow  float  record  930,  256  points 
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Figure  VI. 64 


10.0  15.0  20.0  25.0 


Time  1930,  delay  57.3 


®eO'X>'!T<\j®®oO  O^OJ®®eOvO’«fVJ® 
*^®CDCS>®®'*-4S>CS)®®®'-4CS®CS>®CS> 


z  8/\  ejnssejd 


^  SA  ejnssejd 


pjbg  03uaj0'-jO3  pjbg  eoue  jblioo  pjbs  eouejeqoQ 


Figure  VI. 65 
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Coherence  Squared  between  Sondbuou  20  and  Swallow  float  2 

Time  19^,  delay  57.3  sec,  vs  Swallow  float  record  930,  256  points 
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Figure  VI. 67 
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